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Abstrakt

V tejto praci prezentujeme meranie elektrického naboja top kvarku pouzijic metédu
tagovania naboja jetov na eventoch, ktoré obsahuju jeden lepton. Tieto eventy boli naz-
bierané CDF II detektorom vo Fermilabe v ¢ase od februara 2002 do februara 2010 pri
energii hmotného stredu /s = 1.96 TeV. Met6du, ktort pozivame, mozno rozdelit do
troch zloziek: urcenie naboja W bozénu (pouzijiic ndboj lepténu), parovanie W bozdénu
a b-jetu, ktoré pochadzaju z jednej top kvarkovej rozpadovej vetvy a napokon urcenie
naboja b-jetu Jet Charge algoritmom. Na ddtovej vzorke 5.6 fb~! sme urcili p-value
pre Standardny model (13,4%) a p-value pre Exoticky model (0,014%). Na zéklade
kritérii, vseobecne akceptovanymi CDF kolabordciou a definovanymi pred ziskanim
vysledku z nameranych dat, mozme povedat, Ze ziskany vysledok je konzistentny so
Standardnym modelom, zakial ¢o hypotézu exotického kvarku vyluéujeme s 95% kon-
fidenciou. Prezentovani metéda mé najvacsiu citlivost na elektricky nédboj top kvarku
v porovnani s doposial prezentovanymi vysledkami analyz tykajicich sa nidboja top

kvarku.

KTticové slova: ndboj top kvarku, experiment CDF, vdhovanie ndboja trekov, b-jet.



Abstract

We report on the measurement of the top quark electric charge using the jet charge
tagging method on events containing a single lepton collected by the CDF II detector
at Fermilab between February 2002 and February 2010 at the center-of-mass energy
/s = 1.96 TeV. There are three main components to this measurement: determining
the charge of the W (using the charge of the lepton), pairing the W with the b-jet
to ensure that they are from the same top decay branch and finally determining the
charge of the b-jet using the Jet Charge algorithm. We found, on a sample of 5.6 fb~1
of data, that the p-value under the standard model hypothesis is equal to 13.4%, while
the p-value under the exotic model hypothesis is equal to 0.014%. Using the a pri-
ori criteria generally accepted by the CDF collaboration, we can say that the result
is consistent with the standard model, while we exclude an exotic quark hypothesis
with 95% confidence. Using the Bayesian approach, we obtain for the Bayes factor
(2in(BF)) a value of 19.6, that favors very strongly the SM hypothesis over the XM
one. The presented method has the highest sensitivity to the top quark electric charge

among the presented so far top quark charge analysis.

Key words: top quark charge, CDF experiment, track charge weighing technique, b-jet
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Introduction

In early 1960s, a lot of different particles were known from from cosmic rays and
accelerator’s experiments. It looked like there are too many fundamental particles, but
in 1964 Gell-Mann and Zweig came with the theory that all the known particles are
built of the smaller parts - quarks. This theory later became a part of the Standard
Model (SM), which also describes all fundamental interactions, except gravity - the
processes evoked by electromagnetic, weak and strong forces.

In the SM we have 12 fundamental fermions (spin 1/2) - 6 quarks with a fractional
electric charge (-1/3 or +2/3) and 6 leptons with integer charge (0 or 1). We divide
them into three generations as it is shown in Figure 1. The first generations is the
lightest one and all stable matter is made of the quarks and the leptons from this
generation. The heavier quarks from the second and third generations, which can be
observed in cosmic rays or are produced in high energy collisions, play a important
role in the early stages of the Universe. Each of these fundamental particles has also

its “own” antiparticle.

Generations

| Il Il Bosons
Bujc|t]y
X
E up charm top photon
>
” b
down strange bottom
(%]
A elulr
8 electron muon tau
o
Q
o V. | VWV
e M T
electon neutrino [ muon neutrino tau neutrino weak force

Figure 1: The fundamental particles and intermediate bosons in Standard Model.



To describe the interactions in SM we have two theories based on calibrations

symmetries:
e clectroweak (EW) theory based on SU(2);, x U(1)y calibration symmetry
e and quantum chromodynamics (QCD) based on SU(3)¢ calibration symmetry.

Each free symmetry group parameter corresponds to the one intermediate boson (spin
1). Finally we have a photon ~, W* and Z bosons in the EW theory and eight gluons
in the QCD.

An important ingredient of SM is the idea of the spontaneous symmetry breaking,
which is explained by a Higgs field. This field has non-zero vacuum expectation value
and interaction with it leads to non-zero masses of the quarks, leptons, W and Z bosons.
The Higgs boson (with spin 0) is the only undiscovered particle of the SM.

However the SM does not explain everything - the hierarchy of the particle masses,
number of particle generations. It does not include the gravity. These and other reasons
leaded to creation of the other theories (beyond SM) like models with 4" generation
of quarks, GUT, Supersymmetry, String Theory.

The top quark as the heaviest quark with the mass close to the scale of EW sym-
metry breaking is an important object of the research. For example, the precise mea-
surement of its mass leads to constrain the limits on the Higgs boson mass, the top
quark events are an important part of the background in the Higgs boson search, the
measuring of the single top quark production cross-section can lead to confirm the
existence of only 3 fermion generations.

In this work we want to distinguish between two hypothesis - in the null (SM)
hypothesis the electric charge of the top quark measured in the Fermilab is equal
to +2/3, while in other (exotic) hypothesis the charge is -4/3, what would leads to
confirmation of a new quarks generation existence. Due to the fact that we reconstruct
the top quark charge from the electric charges of its decay products, it is possible to

combine W boson with b-quark in the ways which lead to these two hypothesis.



Goals of the thesis

The main goal of the thesis is to analyze the CDF experimental data and on the sample
of 5.6 fb~! to setup the top quark charge in the lepton + jet channel. The ultimate
goal of the analysis is to distinguish between the Standard Model and exotic model
scenarios. In the previous published result done on 1.5 fb ~1 it was seen a contradiction
between the muon data and the electron ones. The electron data gave a clearly favor
for the SM scenario while in the case of the muons it was not so clear, though the com-
bined electron and muon 1.5 fb' lepton+jets data excluded XM with the confidence
level of 87% [68].

In frame of the main goal I predominantly concentrate on the following partial goals:

1. Validation of the jet energy scale - check the jet correction for each new collected
data sample and if needed, contribute to updating the relevant scripts. Mainly
it was needed to check the absolute and out-of-cone corrections (for detail see
section 2). The validation is based on the 7-jets events, because the photon p. is
very precisely measured in electromagnetic calorimeter and due to the momentum

conservation law the jet p]; * should be the same.

2. To increase the muon acceptance by adding a non-triggered muons, which are

reconstructed off-line.
3. To improve the jet charge algorithm and it’s purity.

4. To calibrate jet charge algorithm using the new scale factors, because the latest
calibration has been done only for the 1.9 fb~! sample and also the tracking
scripts were changed, so we need to compare the scale factors for both - old
and new tracking scripts. The calibration is done by using the dijet samples,
where one jet is required to contain a soft muon and the second jet has to be

back-to-back to the first one.

5. To update the background using also a high luminosity MC samples (generated

with higher instantaneous luminosity).

6. To update the systematic error studies.



Chapter 1

Tevatron accelerator and CDF

experiment

1.1 Tevatron

Tevatron is the circular particle accelerator situated at the Fermi National Accelerator
Laboratory near Chicago, USA. Before the LHC started the protons-antiprotons (pp)
collisions, Tevatron was the most powerful pp accelerator in the world. It collides
protons and antiprotons with center-of-mass energy /s = 1.96 TeV in the cross-points
placed in the centers of the CDF (Collider Detector experiment at Fermilab) and the
DO (the technical name of the detector position in the Tevatron ring) detectors, which
are positioned around the beam pipe at two different locations. [1]

To reach the energy of 980 GeV for both protons or antiprotons, they are accelerated

in several steps by the chain of accelerators (Figure 1.1).

1.1.1 Proton source

The accelerator chain begins with the Cockcroft-Walton pre-accelerator. It serves as
the source of the negatively charged hydrogen ions, which are accelerated here by
electric field to the energy of 750 keV. Hydrogen ions continue to the linear accelerator
Linac constructed from the radio-frequency cavities, where they reach the energy of
400 MeV. Then they are stripped off the electrons in the first circular accelerator in
the chain, Booster, so only protons remain and are accelerated to the 8 GeV. The next

increase of the energy is provided by the second circular accelerator, Main injector,

4



which accelerates protons to the energy of 120 GeV or 150 GeV. In the former case
protons continue to the antiproton source while in the latter one they are injected to

the Tevatron. [2]

1.1.2 Antiproton source

Protons accelerated in Main Injector to the energy of 120 GeV are directed to the
nickel target, where collisions produce the spray of all sorts of secondary particles. The
magnets are used to select 8 GeV antiprotons, which are then stored in the Recycler.
The Recycler is placed in the same tunnel as the Main Injector and does not acceler-
ate antiprotons, but rather store them at a constant kinetic energy of 8 GeV. When
sufficient amount of antiprotons has been produced, they are accelerated in the Main

Injector to the energy of 150 GeV and injected to the Tevatron. [2]

FERMILAB'S ACCELERATOR CHAIN

MAIN INJECTOR

TEVATRON

N
COCKCROFT-WALTON
PROTON

Antiproton Proton
Direction Direction

NEUTRINO MESON —

Fermilab 00-635

Figure 1.1: Fermilab’s accelerator chain

1.1.3 The Tevatron

The Tevatron is the largest of the Fermilab accelerators, with a circumference of ap-

proximately 6 kilometers. Energy of protons and antiprotons is increased from 150



GeV to 980 GeV by eight accelerating cavities placed along the tunnel. The primary
purpose of the Tevatron is to act as a storage ring where protons and antiprotons can
collide with each other and produce interesting secondary particles. Once the final
energy is reached, the two counter-rotating particle beams pass through each other for
hours at a time. This stable situation of 980 GeV proton and antiproton collisions is
called a "store”. We define the instantaneous luminosity of the store by the following

equation:
NpN,N;
2n(02 4 02)

L=fF (1.1)

where f is the revolution frequency, F' is a form factor dependent upon the bunch
length, Np the number of bunches, N, (/N;) the number of protons (antiprotons) per
bunch and o, (o) is the standard deviation of the beam spatially at the interaction
point.

The instantaneous luminosity is not constant during the store, but is decreasing
with the time. After it drops too low to be useful for the experimenters, the store is
ended and the Tevatron is being prepared for a new store. [2]

The Table 1.1 summarizes the Tevatron parameters for so called Run II data taking
period (2002 - 2011), while in the Figure 1.2 is shown the integrated luminosity delivered
by the Tevatron and also luminosity written to the tapes by CDF.

parameter Run IT value
Bunches 36
Bunch spacing [ns| 396
Bunch length [m)] 0.38
Protons/bunch (N,) 2.7 x 101
Anti-protons/bunch (N;) 7 x 10"
Typical instantaneous luminosity [cm 2?sec™!] 2 x 1032

Table 1.1: The Tevatron parameters for Run II data taking period.

1.2 The CDF experiment

The CDF is an international collaboration of about 500 physicist from ~60 institutes

from all around the world. One of big successes of this experiment during the Run I
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Figure 1.2: Integrated Luminosity for Run I data taking. The black curve is luminosity
delivered by Tevatron, the pink curve is the luminosity written to the tapes by CDF.

data taking (1992 - 1996) was discovering of the top quark in 1995, together with D0
experiment [3, 4]. The CDF experiment’s measured top quark mass and ¢t production
cross-section were m; = 176 £ 8(stat) £ 10(syst) GeV/c?, o'l = 6.875 pb, respectively
[3].

The end of the Run I data taking was followed by upgrades of the detectors. The
real physics data taking (Run II) started six years later, in 2002, but after the 9 years
of excellent work and progress in particle physics research Tevatron is going to finish
data taking in September 2011. Many goals of this Run II data taking were already
reached, so the new one were set. In the following we summarize the original main

goals [5] and also some results in the corresponding field of research:

e Study of the properties of the top quark (see Section 3), precision measurements,
e.g. the top quark mass. While the original expected precision dm; < 3 GeV/c?
was reached with only 1 fb=! of data, the ten times higher statistics by the end
of the Run II leads to expect top mass measurement uncertainty be lower then 1

GeV/c? [6]. The current CDF value of top mass uncertainty is 1.1 GeV/c? [7].

e A global precision electroweak program, e. g. W boson mass dmy < 40 MeV /c?.
The W boson mass was measured by CDF on 200 pb~! with precision of 48
MeV/c? [8], then the combination with DO measurement and with result from

LEP yields the world average of my, = 80399 + 23 MeV [9].

7



e Direct search for new phenomena like high mass resonances (Z’, W’, sneutrino,
graviton), super-symmetric particles (stop, chargino), new or excited fermions (t’,
b’), etc. Up today no new particles were observed, results were consistent with
Standard Model expectations or leads to the setting limits to the particles masses

(e. g. graviton, stop, W', Z’, b’, t’), which can be find in [10, 11, 12, 13, 14, 15].

e Tests of perturbative QCD at Next-to-Leading Order and the large Q?. The
results shows very good agreement with NLO perturbative QCD, e.g. the sub-
structure of high transverse momentum jets, measurement of Z/~v* — pu*u~+jets

production cross-section [18, 19].

e Constrain of the CKM matrix with high statistics B decays, e.g. observation of
Bs — Bg oscilation in 2006 [20].

e Search for the Higgs boson. The Tevatron latest results excluded Higgs boson
mass in the region of 158 - 173 GeV/c? with 95% confidence [21], while in case of
a fourth sequential generation of fermions with large masses, the CDF experiment
exclude at the 95% confidence a SM-like Higgs boson in the mass range between

124 - 202 GeV/c? [22].

Many of the Tevatron results maybe will be overcome by the coming LHC results in
the coming years, but there is still a lot of work needed to be done to get final results

from data collected by the Tevatron which are of common interest.

1.3 The CDF detector

The CDF II detector, shown in Figure 1.3, is a general purpose solenoidal detector
which combines precision charged particle tracking with fast projective calorimetry
and fine grained muon detection. Tracking systems are contained in a superconducting
solenoid, 1.5 m in radius and 4.8m in length, which generates a 1.4 T magnetic field
parallel to the beam axis. Calorimetry and muon systems are all outside the solenoid.
[5]

The coordinate system used at the CDF is right-handed cylindrical system. The
positive direction of the z axis is parallel with the incoming protons, while the horizontal

x axis has positive direction pointing outward from the accelerator ring. Then we
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Figure 1.3: Side view of the CDF II detector.

define cylindrical coordinates r, 8, ¢ as follows. The distance in transverse plain r =
\/x? + y?, the polar angle 6 is measured from proton direction and the azimuthal angle

¢ is measured from the x axis.

Using these coordinates we can also define pseudo-rapidity 7, which is very useful

because pseudo-rapidity difference An is Lorentz invariant:

n = —In(tan(0/2)) (1.2)

1.3.1 Tracking system

As we already mentioned the tracking system is placed inside the magnetic field of 1.4
T pointing parallel with beam direction, what cause that particles travel on the circle
in the transverse plane. From the curvature we can measure for example the charge

and the transverse momenta of the particles.

Figure 1.4 shows the tracking system which consists of two detectors: Silicon Vetex

Detector and Central Outer Tracker (COT).
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Figure 1.4: Longitudinal view of the CDF II tracking system.

Silicon Vertex detector

The Silicon vertex detector consists of 8 layers of silicon sensors (p-n junction diodes)

divided into three sub-detectors (Figure 1.5).

Layer 00 (L00) is mounted closest to the beam (15 mm) and comprises of one-sided

silicon micro-strips. [16, 5]

The next five layers compose SVXII system. These layers are constructed from
double-sided strips. Three of them combine an r — ¢ measurements on one side with
90° stereo measurement on the other, while the remaining two layers combine an r — ¢

with small angle stereo +1.2°. [16, 5]

The last sub-detector Intermediate Silicon Layers (ISL) consists of a single layer
placed at a radius 22 c¢m in the central region and two layers at radii of 20 cm and 28
cm in the plug region (1.0 < |n| < 2.0). Double sided strips, with 0° and small angle
+1.2° with respect to the beam axis, are used. [16, 5]

The excellent identification of secondary vertices is done by the 40pum resolution of

the impact parameter.
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Central Outer Tracker

The Central Outer Tracker (COT) is an open cell drift chamber covering radii between
44 and 132 cm and the region of |n| < 1.0. It is composed of 96 sense wire layers in
radius that are grouped into eight ”superlayers” (see Figure 1.6). Four superlayers are
axial, wires are parallel with beam axis and four layers are stereo layers tilled by 42°
angle with respect to the beam axis. Each superlayer is divided in ¢ into ”supercells”,
and each supercell has 12 sense wires. A maximum drift distance is approximately the
same for the all superlayers. The supercells are tilled by 35° with respect to the radial
direction to compensate for the Lorentz angle of the drifting electrons in the magnetic

field. The standard gas mixture argon / ethane (50:50) is used [17].

1.3.2 Calorimetry

Scintillator-based calorimetry covers the region |n| < 3.6. As seen in Figure 1.7, the
calorimetry consists of an electromagnetic section, which measure the energy of elec-
trons and photons, and is followed by the hadronic section used for the jets’ (hadrons’)
energy measurement. By the position with respect to the interaction point we separate

calorimeters into two groups - central and plug [5].
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imetric system consists of 5 calorimeters, which are enu

parameters - the energy resolutions and covered 7 region in Table

merated

imeters are composed of the smaller segments - towers by n and ¢.

calorimeter

aaaaa ym | covered 7 region | ener

gy resolution (%)

central electro-ma,
plug electro-magne
central hadron ca
end-wall hadron ca
plug hadron calor

gnetic calorimeter | CEM In| < 1.1
tic calorimeter PEM 1.1<|n <36
lorimeter CHA In| < 0.9
lorimeter WHA | 0.7<|nl <1.2
imeter PHA 1.2 < |n| < 3.6

13.5 / VETr ®2
16 /VEr @1
50 / VEr &3
75/ VEre4d
80 / VEr &5

Table 1.2: The CDF II calorimeters, with their acro

and energy resolutions.

The electro-ma

nyms, 71 region, which they cover

gnetic calorimeters (CEM, PEM) layers are made of the lead and
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Figure 1.7: Cross-section of upper part of plug calorimeter.

|n| range Ag | An
0. - 1.1 (1.2 had.) 15° | ~0.1
1.1 (1.2 had.) - 1.8 (1.2 had.) | 7.5° | ~ 0.1
1.8 - 2.1 (1.2 had.) 7.5° | ~0.16
2.1 - 3.64 (1.2 had.) 15° | 0.2- 0.6

Table 1.3: The CDF II calorimeter segmentation.

polystyrene scintillator. The total thickness of CEM is about 18X (radiation lengths),
while PEM of about 21.X,. In approximately 6.X, depth shower-max position detectors
(CES, PES) are placed in both calorimeters. The position measurements and the

transverse shower profile is used to separate electrons and photons [5].

The central hadron CHA and WHA calorimeters consists of steel and PMMA
polystyrene scintillator, while the plug PHA calorimeter is made of the same mate-

rial like electro-magnetic calorimeters (lead and polystyrene) [5].
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1.3.3 Muons detectors

Muon system is placed at the most outer part of the CDF detector and consists of four
drift chamber detectors and scintillators counters.

The Central Muon Detector (CMU), situated right behind the Central Hadron
Calorimeter, consists of 144 moduled wits 16 rectangular cells per module. It covers
the region of |n| < 0.6. There is a requirement on minimum transverse momentum pr
of the muon to be detected, which is 1.4 GeV/c [5].

The Central Muon Upgrade (CMP) consists of a second set of muon chambers
behind an additional 60 cm of steel. The chambers are of fixed length in z and form a
box around the central detector. The pseudo-rapidity coverage is up to |n| < 0.6 but
it varies with the azimuth, as is shown in Figure 1.8. A layer of scintillator counters
(CSP) with 2.5 cm thickness is installed on outside surface of the detector. To be able
to detect muon by the CMP, the minimum pr of the muon has to be > 2.2 GeV/c [5].

The Central Muon Extension (CMX) consists of canonical sections of drift tubes and
scintillator counters (CSX) located at each end of the central detector and extending in
polar angle from 42° to 55°. At 55° the CMX/CSX system slightly overlaps the coverage
provided by the central muon system and extends its pseudo-rapidity coverage from
0.6 to 1.0 [5].

The Intermediate Muon Detector (IMU) is design to trigger on muons with |n| < 1.5
and to identify off-line muons with |n| < 2.0. As in previous case the detector consist
of a drift chambers barrel (BMU) and scintillator counters (WSU, BSU, TSU). The
non-used toroidal magnet from previous Run I data taking together with additional

steel plates are used to shield the IMU detector from hadrons [5].

1.3.4 Triggers

The CDF data acquisition system can store data at a maximum rate of 18 MB/s. With
an average event size of 170 kB, this translate into an event rate of 100 Hz. Therefore,
in processing the 1.7 MHz of collision data the CDF trigger system must reject more
than 99.99% of the events. The CDF trigger system has a three-level architecture
with each level providing a rate reduction sufficient to allow for processing at the next

level with minimal dead-time. The block diagram of the trigger system is presented in

Figure 1.9 [24].
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The Level-1 operates on every beam crossing and uses a custom designed hardware
to find physics objects based on a subset of the detector information. The input
comes from the calorimeters, tracking chamber and muon detectors. The decision to
retain an event for further processing is based on the number and energies of track,
electron, photon, muon, 7 lepton and jet candidates, as well as the total energy and
missing transverse energy in the event. The lepton identification at this level is done by
extrapolating tracks to the calorimeter and muon systems. The accept rate of Level-1

is 25 kHz with < 5% deadtime [24].

The Level-2 consists of four on-board buffers. The global Level-1 information is
enriched by the information from the shower-max position detector (CES) and silicon
vertex detector (SVX), which provides the ability to trigger on displaced tracks arising
from the decay of long-lived particles. The Level-2 decision node is the first place where

software algorithms are utilized to process the event. Its accept rate is 350 Hz [24].

The Level-3 system is a computing farm consists of about 400 processor nodes.

Here the events are reconstructed and filtered using full event reconstruction. After
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that they are written to the permanent data storage (tapes) with rate 75 Hz [24].
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Figure 1.9: The trigger system block diagram.
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Chapter 2

Particle identification

Colliding protons with antiprotons at center-of-mass energy 1.96 GeV leads to creation
of many sorts of particles. The detectors are constructed in such a way to be able to de-
tect and perform particle identification of photons, leptons, hadrons and muons. In the
case of photon and electron almost all energy is released in one of the electromagnetic
calorimeters, while hadrons, which are usually detected in a form of a jets, pass the
electromagnetic calorimeters loosing only a relatively small part of their energies and
the rest of their energies are lost in the hadronic calorimeters. In the case of muons,
they can deposit some part of energy in both type of calorimeters (electromagnetic and
hadronic) but the decision about the muon’s presence is taken from the muon chambers
information. The tracking system is also involved. Each charged particle has its track
in this system so we can combine the calorimeters’ or muon chambers’ information with
that from the COT or the silicon detector. There can be also a neutrinos produced by
the interactions, but due to the fact that they interact only weak, we don’t see their
signal. However we can predict the amount of energy which was carried by neutrinos.

In this section we describe the identification criteria for different objects found in

the detector.

2.1 Electron identification

The electrons can be identified by a COT track which corresponds to an electromagnetic
(EM) calorimeter cluster. This cluster is formed from a seed tower (a tower with the

highest energy deposition) and adjacent neighbor towers. In the case of the CEM only
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2 adjacent towers are taking into account (one on each side in the 1 direction), while
in the PEM case the maximum size of a cluster is 3 x 3 towers.
There are further selection criteria, which help to identify the electrons, but let us

first define a variables needed for using these criteria:

° ET = FE.sinf.
The transverse electromagnetic energy, Er, is obtained from the energy of the
EM cluster and the polar angle of the track pointing to the seed tower of the

cluster.

e pr = P.sinf

The transverse momentum of the track, where P is the track momentum.

L Ehad/Eem
The ratio of the hadronic and electromagnetic energy deposition. This vari-
able helps to separate electrons from jets, which leave more energy in the HAD

calorimeter.

o £/P
The ratio of the transverse energy of the EM cluster and transverse momentum
of the COT track. The value of this fraction can be large if the electron radiate a
soft photon, which usually deposits its energy in the same tower as the electron,
but the the radiation lower the value of the electron’s momentum. For the high

energy electrons the value of the fraction is close to 1.

o Arcps * @, Azops
Distances between the extrapolated COT track and the best matching CES clus-
ter in the r — ¢ or the r — z planes, respectively. The distance Azcgs in the r— ¢

plane is multiplied by the track charge Q.

o Xitm‘p
The x? comparison of the CES shower profile with the shower profile obtained

from the test beam measurements.

L Lshr

measured expected

The comparison of the measured and the expected energy of
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the towers in the electromagnetic shower:

measured expected
E; K

Loy = 0.14)  —
v

(0.14VE)2 + 02 v

(2.1)

where ¢ runs over all towers, and the error of the energy measurement, represented
by the denominator, is the uncertainty in the energy estimate. The reason to do
this is evoked by the fact that the expected energy distributions in the towers
around the seed tower are different for the EM and HAD showers.

® 2
The z-coordinate position of the electron associated track’s intersection with the

beam axis.

e COT track quality cut
The electron associated track is required to pass trough a certain number of the

COT super-layers (SLs).

e [solation Isol

The isolation is defined by the expression:

Ficone _ Eelectron
T

Isol = =L
Eelectron
T

(2.2)

Eelectron
T

where is the energy of the electron cluster and E$"¢ is the transverse

energy in a cone of radius AR = /(An)2+ (A¢)? < 0.4 around the electron

cluster.

e Fiduciality
This variable checks if the electron cluster position is in the region where the
energy is well measured. For example there is the region where the two halves of
the central calorimeter meet or the region at the edge of the calorimeter, which

we don’t use to an electron selection.

The following variables are used only for a plug electron identification (a plug

electron is an electron detected by the PEM calorimeter):

e PES 2D n
The 7 of the best matching 2D PES cluster
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X%m?)
The x? comparison of the PEM shower profile with the shower profile obtained
from the test beam measurements. (As was mentioned the maximum size of the

cluster is the PEM is 3x3 towers.)

Uszo and Vizg
The isolation variables for the PES cluster defined separately for the U strips and
V strips in the PES:

energy sum in the 5 central strips

U519 (%xg) =

2.3
energy sum of all 9 strips of the PES cluster (2:3)

AR(PEM, PES)
The difference between the PEM and PES coordinates of the electron cluster.

PhxMatch

The variable which tells us if the electron cluster was matched by a Phoenix track.
The Phoenix track is a track calculated by so called Phoenix algorithm [25], which
is matched by the silicon detector hits. The Phoenix algorithm constructs two
tracks (for the positive and negative charges) using the primary vertex position
and the center of the PEM energy cluster. If the both constructed tracks are
matched by the silicon detector hits, we use the one with the better fit. An
electron candidate which energy cluster was matched by the Phoenix track is

called Phoenix (PHX) electron.
Niits
The number of the silicon detector hits

We summarize all the cuts used for the CEM electron identification (an electron

with the energy deposition in the CEM) in Table 2.1, while the cuts for the PHX

electron are in Table 2.2.

The efficiencies of the CEM and PHX electrons identification cuts are determined

from v/Z* — ete” data sample. For the CEM electrons the efficiency is ecpy =
0.799 £ 0.002, while for the PHX electron it is epyx = 0.658 £ 0.004. However

due to the reconstruction differences between MC and data we need a scale factor

to correct obtained acceptances from MC. The scale factor is defined as ratio of effi-

ciency obtained from data over that one obtained from MC. The values of the scale
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variable

value of the CEM cut

7]
CES Fiduciality

Er

|20l

track pp
E/P
Ehad/ Eem
Isol
Conversion
Ly
|Azops|
Azcps * Q

2
Xstrip

< 1.1
=1
> 20 GeV
< 60 cm
> 10 GeV/c
< 2if track pr < 50 GeV/c
< 0.055 + (0.00045.F)
<0.1
#1
<0.2
< 3 cm
—3.0 < Azcps xQ < 1.5¢m

<10

COT track quality | 3 axial SLs and 2 stereo SLs with 5 hits per SL

Table 2.1: The CEM electron identification criteria.

factors are SF,.,,, = 0.981 + —0.003(stat) + —0.004(syst) for CEM electrons and
SFep,y = 0.952 4 —0.006(stat) + —0.012(syst) for PHX electrons.

2.2 Muon identification

Muons are minimum ionizing particles so they leave only a small energy deposits in the
EM or HAD calorimeters. They can be identified by the COT track which corresponds
to the muon track segment (called also stub) in the muon chambers.

Depending on the muon chamber where the stub is present, we distinguish the
CMU, CMP, CMX and BMU muons. The CMUP muon is defined as the muon with
stubs in both, the CMU and CMP chambers. It’s also possible to use a stubless muons,
which have no stub in any muon chamber, but are identified by the high py track. This
type of muons is also called CMIO (central minimum ionizing object).

Similar to the electron case we define several variables, which are used to the muons

identification:

21



variable value of the CEM cut
PES 2D 7 1.2<|n <28
Er > 20 GeV
Ehai/Eem <0.05
X3u3 <10
Uszo > 0.65
Vsao > 0.65
Isol <0.1
AR(PEM, PES) < 3 cm
PhxMatch =1
Nivits >3

|20 < 60 cm

Table 2.2: The PHX electron identification criteria.

pr, EEma Ehad
The transverse momentum, pr, of the best matched track associated to the muon,

the EM (HAD) calorimeter energy, Ee,, (Epqq), corresponding to the muon.

COT track quality cut
The muon associated track is required to pass through a certain number of the

COT super-layers (SLs).

20
The z-coordinate of the muon associated track at the distance of closest approach

to the beamline.

do
The impact parameter d, is the distance of the muon associated track to the
primary vertex (interaction point) in the r — ¢ plane. This variable helps to cut

out the cosmic muons.

Azcyu, Arcyp, Arcnx, Arpuu
Distances between the COT track extrapolated to the muon chamber (CMU,
CMP, CMX, or BMU) and the stub in the muon chamber.
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® pcor
The radius of the muon associated track at the point where this track leaves the

COT

e [sol
The ratio of the energy deposited in the calorimeter tower within the cone AR

= 0.4 around the muon associated track and the muon associated track pr.

We summarize all identification cuts of the CMUP and CMX muons in Table 2.3,
the CMIO and BMU muons identification cuts are present in Tables 2.4 and 2.5, respec-
tively. The efficiencies of these identification cuts are determined from ~v/Z* — putpu~

data sample.

variable value of the CMUP or CMX cut

pr > 20 GeV

Eon < 2.0+ Maz(0, (p — 100) * 0.0115) GeV
Ehaa < 6.0+ Maz(0, (p — 100) % 0.028) GeV
|20 < 60 cm

|do| < 0.02 cm (if NYi. > 0)

|do| < 0.2 em (if NJi = 0)

COT track quality | 3 axial SLs and 2 stereo SLs with 5 hits per SL
Isol <0.1

|Azonu] < 3 c¢m (only for CMUP muons)
|Azcnpl < 5 c¢m (only for CMUP muons)
|Azcnrx]| < 6 cm (only for CMX muons)
pcor > 140 cm (only for CMX muons)

Table 2.3: The CMUP and CMX muons identification criteria.

2.3 Jet reconstruction and corrections

One can define jet as a shower of hadrons created in a quark or gluon hadronization
process. Due to this fact the hadrons in a jet travels along the direction of the original

parton.
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variable value of the CMIO cut

pr > 20 GeV

Eem < 2.0 + Maz(0, (p — 100) % 0.0115) GeV
Ehad < 6.0 + Maz(0, (p — 100) % 0.028) GeV
Eem + Ehad > 0.1

|20 < 60 cm

|do| < 0.02 cm (if NP2, > 0)

|do| <0.2cm (if NJi =0)

COT track quality | 3 axial SLs and 2 stereo SLs with 5 hits per SL
Isol <0.1

Table 2.4: The CMIO muons identification criteria.

There are many algorithms which can be used for reconstruction of jets. The CDF
IT collaboration choose the so-called jet clustering algorithm as the default one. In
this algorithm we look for the calorimeter tower with the maximum energy deposition
which is denoted as a seed tower. Then the towers within a radius of AR = 04. with
respect to the seed tower position are used to build clusters. We can define the centroid

of the cluster by n and ¢ coordinates as follows:

Ntow Ntow Ntow

centroid __ centroid __ ETi ¢Z centroid ETi i
peentroid — NT B g =\ R, T (2.4)
Ecentrozd Ecentrozd
i=0 i=0 T i=0 T

where Er; is the transverse energy of the tower placed at (1;, ¢;) and Ny, is number
of towers. If the cluster centroid is different from the seed tower’s coordinates, we
define a new cluster with AR = 0.4 around the (peentroid  geeniroidy and calculate a new
cluster centroid, which is compared with the previous one. This procedure is repeated
iteratively until the geometrical center of the towers correspond to the cluster centroid
[26].

After the finding of the final cluster, we can define the jet energy, Ej.;, and mo-

mentum coordinates, (p, pl**, pi), as follows:

T )

Ntow

Eje =Y E (2.5)

Ntow Ntow Ntow

piet = Z Eisinbicosg; — pit = Z Eisinb;sing;  plf = Z Ejcost; (2.6)
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variable value of the BMU cut

pr > 20 GeV

B < 2.0 + Maz(0, (p — 100) % 0.0115) GeV
Ehad < 6.0 + Maz(0, (p — 100) % 0.028) GeV
|20 < 60 cm

|do| < 0.02 cm (if NPE. > 0)

|do| < 0.2 cm (if NJI =0)

COT hit fraction > 0.6

Isol <0.1

|Az gy < 9 cm

Table 2.5: The BMU muons identification criteria.

where F; is the energy of the tower ¢. Using these definitions we can express the jet

transverse energy, Ep'l,, by equation:
pjet
Exje = EjersinOjer = Ejer—p=— = t — (2.7)
VY + ety + ()2

where p)" = \/ (P22 + (p))? is the jet transverse momentum. We call the thansverse

energy raw because it needs to be corrected due to the detector and physics effects.
The corrections scale the raw jet energy to the energy of the jet origin parton, so we
often use also an expression of a jet energy scale (JES) [26].

Below we describe different types of corrections which are used by the CDF collab-

oration:

e The 7 dependence correction C,, (also called as relative correction) takes care of
different calorimeters response. The central and plug calorimeters have different

response to the same energy particle.

e The multiple interaction correction C'y;; - the number of extra interactions which
occurs in one bunch crossing, depends on instantaneous luminosity. At the Teva-

~2571 it means 6 extra interactions in average.

tron luminosity of 2 x 10%? cm
This leads to an increase of the jet energy. The C};; correction, dependent on

the measured number of primary vertices, is applied to extract the extra energy.

25



e The absolute correction C'4pg converts the calorimeter energy to the particle-level
energy. It is a correction of the calorimeter response which covers the calorimeter
non-linearity effects and particle leakage effects. After applying this correction

the jet energy is detector independent.

e The underlying events correction Cy g - The underlying events energy comes from
beam remnants - the spectator partons with color connection to the other partons
from proton (antiproton). This energy can be included into the jet cluster, so we

need to subtract it from the jet energy.

e The out-of-cone correction Cpooc takes into account the fact that some particles
can leave the jet cone during the fragmentation process because they have low
pr and their trajectories are bended in the magnetic field. This correction adds

the lost energy to the energy of the jet.

All these corrections are determined as a function of the jet transverse momentum,

p{f ' but they apply to all components of the four-momentum of the jet. After applying

. - ¢
the corrections we can express the transverse momenta of the original parton, pf"",
as follows:

pgarton — (p¥t % C’? — CMI) X CABS - CUE + COOC <28)

Figure 2.1 shows the JES systematic uncertainties as a function of the corrected jet
pr. These uncertainties play important role in the systematic uncertainties in almost

all analysis.

2.4 Primary vertex

The primary vertex is the point from which all prompt tracks originate. In order to
find it we reconstruct the tracks’ points of origin (vertices). However more than one of
such vertices can be found. In this case we first identify which of them is nearest to the
identified high momentum electron or muon. If no high momentum lepton is present
we use the vertex with highest total scalar sum of transverse momentum of associated
tracks [30].

The position of the primary vertex is determined by fitting together the tracks

within a =1 ¢m window in z around this vertex. The procedure starts by fitting the
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Figure 2.1: Systematic uncertainties on jet energy scale as a function of the pr in the

region of 0.2 < |n| < 0.6 [26].

vertex using all tracks within the z window and with the impact parameter significance
(relative to the beamline) Sy, = |do/0q4,| < 3, where o4, includes the uncertainty on
both the track and the beamline positions. A pruning stage removes tracks which
contribute with y? > 10 to the fit. After the initial pruning, the fit is repeated using
only the remaining tracks until the vertex with no tracks over the y? cut is found. If
no tracks survive the pruning stage then the beamline profile is used for the primary

vertex position estimate [30].

2.5 Missing transverse energy

As we already mentioned neutrino interacts only weakly, so it leaves the detector
without any imprint. However using the energy and momenta conservation laws, we
can determine the missing energy, which was carried by the neutrinos. It is defined as
the transverse energy needed to have the total transverse energy in the event equal to

0. The missing energy can be expressed as:

Ntow
E—,*TT(MU = — Z Eg—%wﬁZS’L’I’LHZ (29)
=0

where Ny, is the number of all towers in the event jet clusters, E7" is the raw energy

of the tower ¢ with its center having the polar angle coordinate #;. The 7; is the unit
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vector pointing to the tower center.

The raw missing E7 has to be corrected in each event individually. If the muon as a
minimum ionizing particle is present in the event, we need to extract the calorimeters’
energy deposits Elr corresponding to the muon from the raw transverse energy, but we

also need to include the muon transverse momentum pf.:

Ntow
x> H raw = .- y raw
Br =— ( E E7*ri;sing; — EY. —|—p§> =Fr +Ef—pf (2.10)
i=0

The second correction is connected to the jet energy corrections, which was men-
tioned in the previous section. Due to the fact that the missing transverse energy was
calculated by using only the raw energies of the jets, we need to include the difference
between the raw E7%y,, and final B (corrected) jets’ energies. That leads to the

final expression for the missing transverse energy:

7 B raw corr
ET - ET - ETjets + ETjets (211)

2.6 b-jet tagging algorithms

At CDF, there are three methods usually used to identify a jet as a b-jet - the jet
probability, the soft lepton tagger and the secondary vertex tagger. In this section
we describe only the basic idea of the first two methods, while the last one will be

described in detail, due to the fact, that we use it in our analysis.

Jet probability

This algorithm calculates the jet probability that a jet is consistent with a zero lifetime
hypothesis. To determine the probability we use the impact parameters (dy) of the
tracks in the jet and their uncertainties. For the jets having only prompt tracks,
this probability is uniformly distributed in the interval [0-1], while for the jets which
originate in heavy partons, the probability distribution peaks at 0.

In detail this approach is described in [27].

Soft lepton tagger

In the method, the b-jets are identified by a presence of an electron or muon coming

from the semileptonic decays of the b-hadrons inside the jet. These leptons have lower
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(softer) transverse momenta, so we call this method the soft lepton b-tagging. We
distinguish the soft electron SLT. and soft muon SLT, tagger depending on the soft
lepton type.

In both cases the algorithm begins by selecting the, so-called, taggable tracks which
have to pass several criteria (e.g. the cuts for zg, dy, COT super layer hits, ... ) different
from those described in the electron or muon identification section.

Using the SLT), algorithm we extrapolate the taggable track into the muon cham-
bers, where we look for stub(s). The differences between the extrapolated and measured
positions in the z and z coordinates as well as the slope difference, A¢y, are used to
construct the global x? quantity L. The final decision whether the jet is b-tagged or
not, depends on the L value.

Something similar is done in the SLT, algorithm. The taggable track extrapolation
should be matched with an electromagnetic energy cluster. To distinguish an electron
from a low pr hadron we use the Xgm-p and the distance A (in cm) between the ex-
trapolated track and the position of the cluster energy centroid. The distributions of
these variables help us to decide whenever the jet is b-tagged or not.

More details about the electron SLT, or muon SLT,, tagger are described in [28] or
[29], respectively.

Secondary vertex tagger

This technique take advantage of the long lifetime of a b-hadrons to identify jets from
the bottom quark hadronization through the presence of a decay vertex displaced from
the primary interaction. It operates on a per-jet basis, where only tracks within the
jet cone are considered for each jet in the event. The displaced vertex can be produced
by at least two tracks, which passed a tracks’ quality cuts and are selected using the
significance Sy, of their impact parameter with respect to the primary vertex [30].
The algorithm uses a two-pass approach to find the secondary vertices. In the first
pass, using the tracks with pr > 0.5 GeV/c and |Sy,| > 2.5, it attempts to reconstruct
a secondary vertex which includes at least three tracks (at least one of the tracks must
have pr > 1 GeV/c). If the first pass is unsuccessful, it performs a second pass which
makes tighter track requirements (pr > 1 GeV/c and [Sg,| > 3) and attempts to

reconstruct a two-tracks vertex (one track must have pr > 1.5 GeV/c) [30].
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Figure 2.2: The two-dimensional decay length of the secondary vertex Lg,.

Once a secondary vertex is found in a jet, the two-dimensional decay length of
the secondary vertex L, is calculated as its distance from the primary vertex in the
transverse plane (see Figure 2.2). Secondary vertices corresponding to the decay of b
and ¢ hadrons are expected to have large Lsp while the secondary vertices from random
mis-measured tracks are expected to be less displaced from the primary vertex. The
tagged jet is then defined as a jet containing a secondary vertex with significance of
the two-dimensional decay length |S;,, | = |Lyy/or,,| > 3 [30].

This algorithm has several version, which differs from each other in the tracks

selection cuts. In Table 2.6 we summarize the cuts for the tight and loose version of

the tagger algorithm.

To measure the efficiency for tagging heavy flavor hadrons, we use a sample of
low-pr inclusive muon data which is enriched in semileptonic decays of the bottom
and charm hadrons. This method is described in detail in [73]. In Table 2.7 we show
the efficiencies of the tight and loose SecVtx tagger for the central jets (|n| < 1.) with
Er = 60 GeV /c? obtained from the ¢ MC sample. Figure 2.3 presents the dependence

of these efficiencies on jet Ep. The dependence on jet n can be find elsewhere [31].

There is a possibility that b-tagged jets does not result from the fragmentation of a
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loose tight

cuts SecVtx tagger SecVtx tagger
x? threshold for primary vertex finding 20 10
first pass for secVtx finding Pr > 05 GeVle | pit > 1 GeV/e
|S§g‘wk| > 2.5 |S§g“6k| > 2
second pass for secVtx finding | Sirack] > 3 | Sirack] > 2.5
track [Sg,, | >3 > 7.5

Table 2.6: The tracks selection cuts for the tight and loose version of secondary vertex

(SecVtx) tagger.

heavy quark. We call such jets Mistags. They are caused mostly by a random overlap
of the tracks which are displaced from the primary vertex due to the tracking errors, or
they comes from Kg and A decays and nuclear interactions with the detector material
(the beam-pipe or the inner silicon layers) as well [30]. In Table 2.7 we summarize
the mistag rates (fractions) obtained from data for the tight and loose version of the

SecVtx tagger.

SecVtx Tag Efficiency for Top b-Jets
0.7 — ‘ ‘ ‘ ‘ ;

0.6}

0.50 1
0.4

0.2f

: B Loose SecVix |
0.1 I Tight Secvix ]

o]
20 40 60 80 100 120 140 160 180 200
Jet Et (GeV)

Figure 2.3: The b-tagging efficiency using the tight or loose SecVtx tagger, respectively

for b-jets from top quark decays as a function of jet Er.
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SecVtx tagger | b-tag efficiency | Mistag rate
Loose ~ 50% ~ 2.8%
Tight ~ 45% ~ 1.4%

Table 2.7: The b-tag efficiency and mistag rate for a central jet (|| < 1) with Er = 60
GeV/c? from top quark events. The numbers for the tight and loose version of the

SecVtx tagger are present.

2.7 JES validation

The jet energy corrections are mostly derived from the dijet samples. However we verify
their validity and systematic uncertainties using v-jet, Z-jet and tf events. Below we
shortly describe the validation done using the ~-jet events, what presents my service
work at the CDF [26].

The ~-jet events can be produced by the processes represented by the diagrams
shown in Figure 2.4. The first diagram represents is the quark-antiquark annihilation
where the jet originates in the produced gluon and the photon () is radiated before the
collision. In the second process gluon interaction with quark leads to the production

of photon-quark pair (the photon comes from a virtual quark radiation).

Figure 2.4: The Feynman diagrams of the y-jet events production.

The photon transverse energy, F7., is measured accurately in the CEM calorimeter
and thus provides a perfect reference for the jet transverse energy E%et. If we require no
addition jets, the energy conservation law leads to the fact that the jet energy should

always balance the photon energy [26]. We can express the balance as follows!: .

'Due to the fact that the jet energy corrections are determined as a function of jet pr (as was
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jet
Pr_

o —1=0 (2.12)
where p)* (p}.) corresponds to the transvese momentum of the jet (photon). Figure
2.5 shows the py balance comparison of the data and the MC samples generated with
HERWIG or PYTHIA for different jet cone sizes AR = 0.4, 0.7 and 1.0. The difference

is less than 3% [26].
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Figure 2.5: ~-jet balance in data, PYTHIA and HERWIG using AR = 0.4, 0.7 and 1.0
after the n-dependent, absolute and OOC+UE corrections are applied [26].

My duty in the JES field was to validate the JES for a newly collected data using
these 7-jet events. In the following we present the results after applying the all jet
energy corrections.

As it is shown in Figure 2.6 we compare the latest collected data with the previous
ones using the Gauss fit in the pr balance range [-0.4, 0.4]. The data collected between
February 2002 and September 2005 were set as the default. Table 2.8 shows the results
of the fits. We can see that there is 2.80 discrepancy between the latest collected data

mentioned before), we validate them in terms of the transverse momentum
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and the default one. However it is not a problem, because the pr balance in the latest

data is closer to 0, what means a better result.

0.12p ] Data
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0.06F
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O;\ L \.\x\'\‘\.\‘\ PR TR ARSI RSN MR \-\'\l\‘\.\'.\.\.\.\.
-1 08 -06 -04 02 0 02 04 06 08 1
jet
Py Pl
pV

Figure 2.6: The pr balance obtained from data for the central jets (0.2 < |n| < 0.6)

after applying the all corrections.

Time Gauss fit

02/2002 - 09/2005 | 0.0142 + 0.0018
09/2005 - 01/2010 | 0.0088 4+ 0.0011
01/2010 - 02/2010 | -0.0017 £ 0.0054

Table 2.8: The mean values of the py balance Gauss fit obtained from data for the
central jets (0.2 < |n| < 0.6) after applying all corrections. The data are divided into

3 subsamples by the time when they were collected.

Figure 2.7 shows the time dependence of the py balance. The first bin in this figure
corresponds to the data used in Figure 2.5. We see that the balance is still within the
3% systematic uncertainty. One can say that the calorimeter response is stable over

the time.
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Figure 2.7: Time dependence of the pr balance obtained from data for the central jets
(0.2 < |n| < 0.6) after applying all corrections. The blue dashed lines show the 3%

systematic uncertainty, while the red line shows the perfect balance (equal to 0).
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Chapter 3
Top quark physics

According to the SM, the top quark is the 3" generation quark with the electric charge
2/3 and spin 1/2. Its mass is ~ 35 times higher that the mass of the bottom quark
and therefore, as we mentioned in Introduction, it is a very good object for testing of

the SM and also for the search of a new physics.

3.1 Top quark production

At the Tevatron collider the top quarks can be produced by strong interactions or by
electroweak ones. In the former case the top quarks are produced in pairs (as top-
antitop pairs) and this mechanism is the main source of top quarks. In the electroweak
mode single top quarks are produced and this production is suppressed in comparison

with the main process about three times.

3.1.1 The top-antitop pairs production

The top-antitop (¢t) pairs come mainly from quark-antiquark (¢g) annihilation. At the
Tevatron for Run II this happens 85% of the time. The rest - 15% of time the ¢t pairs
are produced by gluon fusion (gg). The leading order diagrams for the production are
shown in Figure 3.1.

Just for comparison at the LHC, CERN gluon fusion (90% [33]) dominates in the
tt production, over the production by quark-antiquark annihilation (10%).

Using the factorization theorem [34] we can write an equation for the experimental

differential cross-section of ¢t production in collision of two hadrons, proton, anti-proton
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Figure 3.1: The leading order diagrams for ¢t production.

in the case of Tevatron experiments:

=3 / ddwaF) (w1, pp) FY (02, 1r) 63 (53 i, im) (3.1)

.3
where F;(z;, ur) is the parton distribution function (PDF) for the parton ¢ in the collid-
ing hadron, pupr and pgr are the factorization and renormalization scales, respectively.
x; is the momentum fraction of interacting parton inside hadron, &;; is the parton
cross-section and s is the square of partonic center-of-mass collision energy.

The factorization scale pp determine the hadron structure, which we can see by
probing a hadron with a virtual photon having the squared momentum ¢* = —p2.
The renormalization scale pp determine ag = ag(u%), the running strong interaction
coupling constant.

One can take scales up = purp = @, where Q? is characteristic scale of process,
usually defined by mass or momenta of produced particle. In the case of top quark we
use Q? = m? + pa.

The PDF functions, that are not only functions of parton momentum fraction but
also of factorization scale , are retrieved from a global fit of the deep inelastic scattering
and Drell-Yan data at certain scale @* and then the DGLAB evolution equation [35]
is used to find the values of these functions at other (higher) scales.

The measured cross-section of the top-antitop (¢t) production (Figure 3.2) is cr;’; =
7.5+ 0.31 (stat) +0.35 (syst) £0.15 (lumi) pb [39]. This result is in a good agreement
with the theoretical cross-section for the top mass of 172.5 GeV/c? and for the current

Tevatron center-of-mass energy /s = 1.96 TeV. Using the information in theoretical
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references about the dependence of the prediction on the value of the top quark mass,

the predictions were recalculated for the top quark mass of value of 172.5 GeV/c?. The

NNLO approximate calculation from Moch and Uwer [36] yields Ug; = 7.46705 pb,

the prediction from Cacciari et al. [37] is ag; = 7.2615% and from Kidonakis and Vogt

[38] is o'l = 7.2970 72 pb.
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Figure 3.2: Combination of CDF measurements of the top quark pair production cross-
section at 172.5 GeV/c? versus the theoretical predictions as a function of top quark

mass.

3.1.2 Single top production

At the Tevatron energies, top quarks are predominantly produced in pairs via the
strong interactions, but a significant amount of top quarks are produced singly via
the electroweak interaction. there are three different production processes (see Figure

3.3):

e t-channel process: A virtual space-like (¢*> < 0) W boson interacts with a bottom

quark from the ”"proton sea” and a top quark is created.
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e s-channel process: A virtual time-like (¢> > 0) W boson is created by the gq

annihilation and decays into a (single) top quark and bottom quark.

e Associated production: A single top quark is produced with a real W boson. One

of the initial partons is a bottom quark from the ”proton sea”.

8 Vg, t

[
N
LY

(a) (b) ©)

Figure 3.3: The leading order diagrams for single top production: a) t-channel process;

b) s-channel process; ¢) associated production of top quark.

The cross-sections of those processes are smaller than that for the ¢ production.
The predicted values by Harris and Sullivan’s next-to-leading order (NLO) calculation
[40] of the s- and t-channel cross-sections are o}, = 2.15 & 0.24 pb and o3, = 0.99 +
0.07 pb, respectively. But one can compare also to Kidonakis’ NLO plus soft-gluon
corrections calculation with cross-sections crfn3 =234+ 0.13 pb and o,; = 1.12 £ 0.05
pb [41]. In comparison with the t¢ pairs production, a fewer number of the signal
events is expected with a higher background. It should be stressed that the single top

production plays an important role. The reasons are the following:

e the cross-sections are proportional to the Cabbibo-Kobayashi-Maskawa (CKM)
matrix element |Vj|? (see Sec. 3.2) and these events are the only ones that enable

to measure the element Vj;, directly,
e events compose an important background for many Higgs and SuSy studies,

e the single top quarks are produced with almost 100% polarization and therefore
could be used for a test of the V - A structure of the top quark charge weak

current transitions.

In 2009 the CDF and DO experiments published discovery of the single top quarks

s+t — 2 ) 761—0.58

[42, 43]. The Tevatron combined s- and t-channel cross-section is o 017

Pp
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(stat+sys) pb [44]. It is in agreement with Standard model expectations as is shown

in Figure 3.4.
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Figure 3.4: Tevatron single top cross-section measurements and their combination.

3.2 Top quark decay

The lifetime of the top quark is ~ 5 x 1072° seconds, what is much shorter than the
time needed for hadronization (7j.q4. &~ 10723 seconds). Therefore we can study the top

quark only via its decay products.

3.2.1 |V}| matrix element

In the SM model top quark decays through the electroweak interaction predominately
to b-quark, though decays to down (d) and strange (s) quarks are also possible. The
probabilities of the transition to individual down quarks (d, s, b) are defined by the
Cabbibo-Kobayashi-Maskawa (CKM) matrix Vog oy which is unitary. That means the

sum of the transition probabilities is equal to one.

Vud Vus Vub

Verm = < Vea Ves Ve )
Via Vis Vi
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The measured CKM matrix element for the top quark decay to bottom quark is
[Vis] = 0.88 & 0.07 and the limit was set |Vjp| > 0.77 at the 95% C.L. [44] So the top
quark decays to down quark and strange quark are suppressed. Using the unitarity

and assuming 3 generations of quarks the predicted values of V4, Vis and V,, are [45]:

[Via| = 0.00862 5 60630
[Via| = 0.0403%55007

[Vis| = 0.999152 5 500015

3.2.2 Decay width

The decay width for the dominant decay ¢t — Wb can be theoretically expressed at

next-to-leading-order as [46]:

2
_ Gym} M, M, 205 [ 2% B
Coswey = S/2 1- m2 1+2 m? 1— |3 3 (3.2)

where G is Fermi constant and My, is the W boson mass. The formula assumes that

in the decay amplitudes are neglected terms of order mi/m?, a% and those of order
as Mg, /mz.

After applying QCD and electroweak corrections [47] the above equation predicts
It—we) of 1.3 GeV at the top quark mass of 172.5 GeV/ c2. By the direct measurement
the CDF experiment established an upper limit at 95% confidence level of Iy, < 7.6
GeV [48], while DO experiment indirectly measure value of I us) = 1.9970% GeV

[49]. Both results are consistent with the Standard model prediction.

3.2.3 Decay modes

The W boson also lives very shortly and it is observable only via its decay products, too.
It can decay either into two quarks (W — ¢q) or into lepton and neutrino (W — [v).
The topology of tt events depends on the W boson decay. In each event we have

two W bosons and so we distinguish the following three decay channels:

e Lepton+jets channel

In these events one W boson decays to lepton (electron or muon) and neutrino

and the second W boson decays to qq pair. Some missing transverse energy from
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neutrino is present and the events contain at least four jets - two b-jets and two

light jets from W decay.

Lepton+jets channel background comes from the generic QCD events with a fake
W boson, W+multijet production, WW events and top events where only one
top is produced. The main background is from the W-+multijets production, but
this is suppressed by the requirement on b-tagged jets.

This channel is called also golden channel due to background suppression and

due to a relatively high gain (30% branching).

e Dilepton channel

Both W bosons decay leptonically (), where by leptons we understand only
electrons and muons. The case when W boson decays into 7 lepton and 7 neutrino
is not included into the dilepton (neither into the lepton+jets one) top quark
analysis, because it is hard to identify the hadronic decays of 7 leptons. The W

boson decays with tau are usually investigated as a special case.

The signature of these events are two leptons (electrons or muons), a large amount

of missing transverse energy (due to two neutrinos) and at least two jets.

This channel is called cleanest, because there is small amount of background (bb,

WW, Z — 77, Drell-Yan), but it occurs only in 5% of the time.

e All hadronic channel

In this case both W bosons decay into ¢q pairs. So the event signature is at least

six jets - two b-jets and four light jets from W boson decay.

All hadronic channel occurs 44% of the time, but has a huge background from =

mainly from the QCD multijets production processes.

The all possible ¢t decay modes are presented in Figure 3.5 where the fermions
from W~ (W) are shown along the y(x) axis. The area of each region in the figure

expresses the fraction of the shown decay mode.

42



tt decay modes

all hadronic

0

—

(] %)
= 9
+ (<)
< +
2 =
Q ]
d-) R d

tau + jets

lepton + jets

[¢]
%
=
—
1
c
=1
o
17

Figure 3.5: Representation of ¢t decay modes
3.3 Top quark mass

The top quark mass is a free parameter in Standard model. Together with W boson
mass it is needed to limit the mass of Higgs boson (Figure 3.6). The masses of top
quark, W boson and Higgs boson are bounded by the equation, which can be retrieved
from the muon decay (or any other process going through W boson exchange) with the
electroweak corrections included [50]:

2
M, T

M =5 = ac;

(1+ Ar) (3.3)

where G is Fermi constant, « is the electromagnetic coupling constant, My, and My
are the masses of W or Z boson, respectively and Ar accounts for radiative corrections,
which are dependent on the top and Higgs masses. For the radiative corrections one
can write [51]:

c0s*Oy

=Aa— —Ap+ A 4
Ar « S’inz@w P + T'rem (3 )

where Oy is the electroweak mixing angle, A« contains the large logarithmic correc-
tions from light fermions, Ap ~ m? and Ar,., contains a dependence on the Higgs
mass logarithm (A7r,.e, oc InMp).

The recent result of top quark mass is 173.3 GeV /c? measured with precision of 1.1

GeV/c?. Figure 3.7 shows different measurements done by CDF and D0 experiments.
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Figure 3.6: W boson vs. top quark mass with the lines of constant Higgs boson mass

[52).

Mass of the Top Quark

July 2010 (* preliminary)
CDF-I dilepton © 167.4 £11.4z10.3+4.9)
D@-I dilepton - 168.4 +12.8@12.3+ 3.6)
CDF-ll dilepton * 170.6 + 3.8 @22+31)
D@-Il dilepton * N 174.7 + 3.8 z 20+ 2.0)
CDF-I lepton+jets T YT 1761+ 7.4 esisss
DJ-| lepton+jets © 180.1+ 5.3 (+39+3.6)
CDF-ll lepton+jets * g | 173.0+ 1.2 cor+11)
D@-Il lepton+jets * B 173.7 = 1.8 +0.8=+1.6)
CDF-I alljets 186.0 £11.5=10.0+5.7)
CDF-II alljets | 174.8 £ 2.5 x1.7+1.9)
CDF-II track © 175.3 + 6.9 +6.2+3.0)
Tevatron combination * | 173.3+ 1.1 (+06+0.9)
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Figure 3.7: A summary of the input measurements resulting the Tevatron combination

if top quark mass.
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3.4 W boson polarization

Due to the short top quark’s lifetime its spin characteristics are not diluted by hadroniza-
tion and are transferred to its decay products. It enables to test the V-A structure of
EW interactions by measuring the polarization amplitudes of W boson.

The W boson is a vector particle with the spin equal to 1. The projection of this
spin to the direction of the motion (helicity) could be +1, 0, -1, what corresponds
to the right-handed, longitudinal and left handed helicity states, respectively. Differ-
ent helicity states of W bosons are reflected in the angular distribution of the decay

products. The differential decay rate for top quarks is given by [53]:

l dl’
I d cos 6*

=f- §<1 —cos0*)? + fo - Z(l —cos?0%) + fy - §<1 + cos 0*)? (3.5)

where 0* is the angle between momentum of the charged lepton (or down type quark)
in the W rest frame and the momentum of the W boson in the top quark rest frame;
f—, Jo and f. are the fractions for left-handed, longitudinal and right-handed helicity
states, respectively and f_ + fo + f+ = 1. The Standard Model predicts the specific
fractions for the cases when top quark decays into definite helicity states of W boson

[54]:

fo >~ 0.703 £ 0.016
fr=~3.6x107%40.0045
f- ~0.297 £0.016

A model independent simultaneous measurement of fy and f, done by CDF using

4.8 th=! of the data yields

fo = 0.781025(stat) +0.06(syst)
fr = —0.127013(stat) £0.04(syst)

what is consistent with the Standard model expectations [55].

3.5 Forward-backward asymmetry

One of the reason for a forward-backward asymmetry in top production is that the

next-to-leading-order (NLO) QCD predicts a small but non-zero charge asymmetry.
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Heavy flavor pair production via qg or gg does not discriminate between quark and
anti-quark in the leading order. But the radiative corrections at the next-to-leading
order involve a virtual (or real) gluon in ¢g — Q@ what leads to a difference in the Q
and @ production, and therefore a charge asymmetry.

The asymmetry gets a positive contribution from interference of the tree-level and
box diagrams, as in the upper diagrams in Figure 3.8 and a negative contribution from
the interference of initial and final state radiation in t¢ + jet (¢j) final states, as in
the lower diagrams [57]. The overall charge asymmetry is positive and predicted to be

about 6% [36].

=
S |

s

Figure 3.8: Interfering qg — ¢t (above) and ¢g — ttj (below) amplitudes.

Using the 5.1 fb™! of data, the CDF measures the asymmetry value of App =
0.4240.15(stat) £0.05(syst), what means the the asymmetry is 2.30 from the standard
model prediction (A5 = 0.06 + 0.01). [56]

3.6 Spin correlation

The very short top quark life time (shorter than time needed for hadronization) leads
to the top quark decays before it can form hadronic bound states. Thus the top quark
spin information is not diluted, but is passed to the spins of the top quark decay
products. The change of top quark spin-state by emitting a gluon before its decay
is very unlikely due to the fact that the spin-flip time is much larger that top quark
life time. Therefore the spin correlation can by determined by measuring the angular
distributions of the ¢ (#) quark decay products. However the result depends on the

choice of the quantization basis for the ¢ and ¢ quark spin. We can use:
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e helicity basis, where we use the top quark momentum as the spin quantization

axis,

e beamline basis, where the beam line direction is used as the spin quantization

axis

e and off-diagonal basis, shown in Figure 3.9, is defined by axis with an angle ¢
toward clockwise direction from the ¢ or ¢ quark momentum, respectively. The

angle ¢ is defined as:
tanf = /1 — 2 tan 0" (3.6)

where 3 is the top quark velocity and 6* is the angle of the top quark flight

direction with respect to the proton direction in the ¢t center of mass frame [58].

Figure 3.9: The definition of the angles in off-diagonal basis used in the top quark spin

correlation measurement.

In the CDF analysis [58] done using the dilepton events (integrated luminosity of
2.8 fb~1), the spin correlation, k, can be expressed from the differential cross-section

of the ¢t decay:
1 d*o 14 kcosfycosf_

il — 3.7
odcost,dcosf_ 4 (37)

where 0, (0_) is the angle of the positive (negative) lepton flight direction with respect
to the off-diagonal basis quantization axis. The obtained value of spin correlation
k= 0.32075:523 is consistent with the SM prediction of k£ ~ 0.8 [59].

The other CDF analysis [60] done using the 5.3 fb~! of lepton+jet events measures

the spin correlation in the helicity and beamline basis. They use the four independent
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helicity states: trtg, tgtr, trtr, trtr to describe the ¢t spin:

. [U(ERtL) + O'(ELtR)] — [O’(ERtR) + O'(ELtL)] . NO — Ns
B U(ERtR) + U(ELtL) + U(ERtL) + U(ZLtR) N N, + N,

(3.8)

where the o(X) corresponds to the cross-section of the helicity state X, and N, (Nj) is
number of opposite (same) helicity fraction. Note that in the ¢t rest frame the quarks
move back-to-back and the same spin states are those with opposite helicity t;tg, trtr.
By fitting the data with the same and opposite spin templates, the spin correlations in

helicity and beamline basis were obtained:

Kheticity = 0.48 £ 0.48(stat) & 0.22(syst)
Kpeam = 0.72 £ 0.64(stat) £ 0.26(syst)

These values are consistent with the NLO SM predictions of Kpeicity = 0.168 in helicity

basis and Kpeam = 0.37 in beamline basis [59].

3.7 Flavor changing neutral currents

The flavor changing neutral current (FCNC) couplings like ¢tV ¢ and tVu, where V' =
9,7, Z, are highly suppressed in the SM (on the tree level they are forbidden). The
observation of these processes would signal the existence of a new physics. In Table
3.1 we show the predicted values of the top quark branching rations in different models

(e.g. SM, exotic quarks models, Supersymmetric models).

SM [61] | SuSy models [62] | Exotic quarks models [63]
B(t — qg) | 5x 10711 ~ 1073 ~ 5 x 1074
B(t —qy) | 5x 10713 ~ 107 ~ 107
B(t = ¢Z) | ~10713 ~ 107 ~ 1072

Table 3.1: The predicted values of the branching ratio for the FCNC top quark decays
in the SM, exotic model and Supersymmetry (SuSy) model.

The CDF measurements constrain the upper limits to the branching ratios:
B(t — qZ) < 3.7% at 95% confidence level [64], using the 1.9 fb~! of the data,
B(t - u+g) <39x%x107*and B(t = c+g) < 5.7 x 1073 [65], using the 2.2 fb™! of
the data.
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Chapter 4

The top quark charge

determination

The top quark lifetime is very sort, so before hadronization it decays predominantly
to W boson and bottom quark. Its predicted charge is +2/3 of the elementary electric
charge.

However, four years after the Tevatron observed the top quark [3, 4], the hypothe-
sis that the observed particle can be a non-Standard model object with charge -4/3
was put forward [67]. The exotic scenario (XM - Exotic Model) assumes existence of
additional heavy quarks @3 and @4 with charges -1/3 and -4/3, respectively. With the
additional heavy quarks two physical quark doublets:

(Qg) (Qgcos@b—bsin@b>
Q4 L Q4 R

(Q3cos Oy + bsin Op) g

and one singlet:

are added to the SM quark doublets and singlets. Hence, in addition to the SM, Q3
mixes with b (mixing angle 6,) and Q4 decays into b+ W ™.

In the XM, also the ()4 and left-handed top quark masses were calculated. The Q4
mass is approximately as large as the mass of the observed top quark (173 GeV/c?)
while left-handed top quark should have the mass around 274 GeV/c?. The search for
the forth generation of quarks done by CDF sets the lower limits of the ¢’ and the ¢/
quarks masses with 95% confidence level to the values 360 GeV/c* and 380 GeV/c?,
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respectively [15, 14], what exclude Chang’s model. But the question about the top
quark charge remains.

One possibility of the determination of the top charge is the direct measurement of
photon radiation in tf events. One can look for the photon radiated by the top quark
what gives access to its charge and electromagnetic coupling. Unfortunately, this type
of measurement on the CDF is limited by the statistics [66].

The other possibility is to reconstruct the top quark charge of electric charges of

its decay products. This approach consists of tree steps:
e determination of W boson charge,
e assignment of b-jet to the W boson
e and determination of b-jet charge.

As we already mentioned, in the lepton+jet (LJ) channel one W boson decays
leptonically and the other one decays top light quarks. According to this we distinguish
the leptonic and hadronic decay branch, respectively.

The W boson charge in leptonic branch is defined by the charge of the lepton while
in the case of hadronic branch W boson its define as the opposite charge to the lepton
charge, because we expect W bosons to have opposite charges.

The pairing of the W boson and b-jet is done by the kinematic fitter developed by
CDF, which reconstruct the events and based on the y? choose the combination with
higher probability. More detailed description is in Section 4.3.

The last step is to determine the b-jet charge for what we use the Jet Charge algo-

rithm, which is described in Section 4.4.

The study using the same methodology was done on the 1.5 fb~! of the CDF II collected
data (see [69]). However, from that time, there were several changes. The first is more
precise measurement of top quark mass, what leads to the changing of kinematic fitter
parameter - the top quark mass from 175 GeV/c? to 172.5 GeV /c?. The second change
is connected to the fact that the CDF collaboration started to use another tracking
scripts to reconstruct the data collected from April 2008 to February 2010 what could

affect our calculation of the jets’ charges.
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There is also another study of the top quark electric charge done on 3.2 fb~! of the
CDF II collected data, which uses the soft lepton tagger to determine the b-jet flavor.
This study exclude the Exotic model with 95% confidence level [70].

4.1 Event selection

In Section 3.2 we divided events into three categories based on decay products. Our
study is based on the lepton+jets channel so in this section we describe only events’

selection for this channel.

4.1.1 One lepton requirement

We use three lepton datasets. Two of them contain events triggered by electrons
and muons, which passed the central electron (CEM18) and central muon (CMUP1S,
CMX18) triggers, respectively. The last one is the non-triggered muons dataset, called
" extended muons”. In this datasets muons are reconstructed off-line. We don’t use the
7 lepton due to the hard identification because of its hadronization, but if the 7 decays

leptonically it can contribute to the electron or muon channel.

Electron

A candidate is selected by L1 trigger by requiring a track with pr > 8 GeV/c,
matched to a single tower in the CEM calorimeter having transverse energy Ep > 8
GeV. The hadronic to electromagnetic energy ratio (Epaq/FEen) has to be less than
0.125.

At the L2 trigger, the cluster formed by adding the energy from neighboring towers
in CEM calorimeter is required to have energy Er > 16 GeV, while the Ej.q/ FE.,, ratio
has to remain the same (< 0.125).

Finally the L3 trigger requires: track with pr > 9 GeV/c matched to a cluster of
energy in CEM calorimeter with Er > 18 GeV; ratio Epuq/FEem < 0.125 [30].

Triggered muon
We can divide this type of dataset into two subsamples by the trigger which is used
to select muons. Then we distinguish between the CMUP and the CMX muons which

o1



were selected by the CMUP18 or CMX18 triggers, respectively.

The selection is similar, but trigger cuts are different. While for the CMUP muon
the L1 trigger requires the COT track with pr > 4 GeV/c, which is matched to a muon
track segment with pr > 6 GeV/c from the CMU and the CMP muon chambers, in
case of the CMX muon the L1 trigger requires the COT track with pr > 8 GeV/c,
which is matched to a muon track segment with pr > 6 GeV/c from the CMX muon
chamber [30].

The L2 trigger automatically accepts events passing the L1 trigger [30].

To pass the L3 trigger a muon track has to have py > 18 GeV/c. In the case of the
CMUP muon this track has to match the track segment in the CMU muon chamber
within |Az| < 10 cm and within |Az| < 20 cm the track segment in the CMP muon
chamber while in the case of the CMX muon the track has to match the track segment

within |Az| < 10 em in the CMX muon chamber [30].

Non-triggered muons

To increase the muon acceptance we used non-triggered muons. These events have
to pass trigger which requires the missing transverse energy (MET) of 25 GeV at the
L1 trigger, adds a requirements to find at least two jets with Ep > 10 GeV at the L2
trigger and at the final L3 trigger fortifies the cut on MET to be higher than 35 GeV.

In addition, and to ensure full efficiency of the trigger, there events require at least
two jets with Ep > 25 GeV, one of which should be central (|n| < 0.9) and separated
by AR;; > 1.0.

We use several types of muons, which are described as follows:

1. Muon with a stub in the CMX muon chamber, which fails either the p cut or is
in a CMX part that is bad for the trigger.

2. Central muon with track segment in only the CMU muon chamber and non-

fiducial to the CMP muon chamber.

3. Central muon with track segment in only the CMP muon chamber and non-

fiducial to the CMU muon chamber.

4. A muon that is not fiducial to any muon detector, has no stub in any detector,

but passed the other standard muon selection cuts.
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Further lepton cuts
All the above leptons types have to be isolated and are required to have Er (in the
case of muons pr) above 20 GeV (GeV/c). To cut out some other possible processes

which could lead to selection of wrong lepton, we use several vetos:

e Dilepton veto. If more than one lepton is present, the event is removed. It is

done to avoid overlap with the dilepton channel.

e 7 veto. If lepton with some another object have invariant mass with energy
between 76 GeV and 106 GeV, event is vetoed to remove muons from Z boson

decays.

e (Cosmic veto. The cosmic muon which pass the detector close to the beam line
may be reconstructed as a pair of charged particles. Using the timing capabilities
of the COT we check if one of the tracks travel toward instead of away from the

center of detector. If it is the case we reject such event [30].

e Conversion veto. If lepton is an electron coming from photon conversion, event
is vetoed. The conversions are identified by a characteristic small opening angle
between two oppositely charged tracks, that are parallel at their distance of closest

approach to each other [30].

4.1.2 Jets and MET cuts

In addition to the one isolated lepton requirement, we select the events with at least
four jets. Three of them have to be "tight” (E; > 20 GeV, |n| < 2.0) and the fourth
jet can be a tight or loose jet, respectively (loose jet: E; > 12 GeV and |n| < 2.4). At
least two of the jets has to be b-tagged by the loose SecVtx tagger [30].

Due to the presence of neutrino from the W boson decay we require to have the

missing transverse energy F; > 20 GeV.

These selection cuts are a result of a series of optimizations carried out using the

corresponding Monte Carlo samples.
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4.2 Definition of performance

The top quark charge analysis consists of several algorithms which contain some pa-
rameters. To optimize the parameters we need a quantitative criteria for picking the

best options. We use a combination of two quantities - efficiency (€) and purity (P):

e Efficiency is defined as fraction of events remaining after certain selection criteria

from all events available before applying the criteria.

e Purity is define as the number of events that are correctly identified (based on MC
information) over the number of events remaining after the selection. Denoting
the Nyignt and Nyypong as the numbers of correctly and incorrectly identified events,
the purity can be expressed as:

Nyignt

Nyight + Nurong

Let us now formally define IV, as the number of events in favor of the SM hypothesis

P =

(4.1)

and N_ as the number of events in favor of the exotic model hypothesis. Then one can

calculate the measured asymmetry as:

N, — N_

Ameas = AT AT 4.2
N, + N_ (42)
while the true asymmetry is given by:
Nt — N!
= — (4.3)

where N! is number of true SM events and N’ is number of true exotic model events
- here we formally assume that both hypotheses can occur in parallel.

One can define dilution factor related to the purity by D = 2P — 1 as follows:

Nright - Nwrong

D = 4.4
Nright + Nwrong ( )
where Nyignt and Nyyrong are the number of rightly and wrongly assigned events.
That leads to the relation between the measured and true asymmetry:
A
A _ meas 4.5
- (15)

The dilution is equal to 1 if there are no wrongly assigned events and the measured

asymmetry would be the same as the true asymmetry. If the dilution is equal to 0, we
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can not distinguish between right and wrong events. So we want to have the dilution
as high as possible.

It can be shown that the statistical uncertainty of the true asymmetry can be

1— D2A
— = A
o4 DN (4.6)

where N is the number of all events available for analysis and € is the efficiency of the

assignment method. Since the uncertainty scales with 1/veD?N rather than 1/ VN,

expressed as:

the eD? (performance) was chosen as the quantity to optimize for a given algorithm of

interest.

4.3 W boson and b-jet pairing

The method is based on the full reconstruction of event topology by a kinematic fitter.
Generally, there is one lepton and at least four jets, two of them tagged as b-jets. The
b-jets are assumed to come directly from top quark decay, the non-b-jets come from the
W boson decay and from gluons. The b-jet is called leptonic (hadronic) if it belongs
to leptonic (hadronic) decay branch.

If there are more than four jets, we take into account only 4 of them with the
highest transverse momenta, so we have 12 combinations how to pick up two b-jets.
Due to unknown neutrino momentum z-component we finally get 24 combinations. For
each of them, the full kinematic fit of the event is done using TopMassFitter (part of

the CDF analysis tools package), which calculate a y? value given by expression:

g i\2 ~UE UE\2 9
Pr—p (057 —p; ) mii —mpy
X2: Z <T0-2T)+Z J (72] +<JJF2 )
i ay j w
(myz; —me)*  (mun, — my)?

2 2

i=l,4jets
(mlu - mW)2

+
Ty

+

(4.7)

where the first term considers the difference in the transverse momenta between fitted
(p%) and reconstructed (p%) transverse momentum values of the lepton and jets with o;
(i=L,jets) to be lepton and jets pr resolution. The second term considers the difference
between the fitted and measured components of the unclustered energy (the energy out
of the jet clusters) determined with resolutions o, ,. The following two terms calculate

the mass difference between W (my) and its decay products — jets (m;;) or leptons
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(muy,). The remaining terms calculate the mass difference between top quark (m;) and
its decay products in the hadronic (my;;) and in leptonic (my, ) branches. Each of the
terms is divided by the corresponding decay width I'y, and I, respectively. The W
boson mass, its decay widths Iy, and I'; are fixed on their PDG values.

Combinations where leptonic and hadronic b-jets are b-tagged by the secondary
vertex (SecVtx) tagger are called tagged combinations. To pick up the right kinematic
topology, we require the combinations to be tagged and to have the lowest x? value.
To improve the purity of this method an additional requirement of x? < 9 is applied
(68].

Fitter can work in two modes - constrained (using top mass m; = m; = 172.5
GeV/c?) or unconstrained (using the top mass as a free parameter). In Table 4.1 we
compared these two modes by the performance defined in Section 4.2. The constrain
fit gives us a better resolution. The distribution of the minimum y? distribution for

the constrained fit is shown in Figure 4.1.

Fitter type efficiency € (%) | purity P (%) eD?
constrained 53.2 £+ 0.1 83.3 £ 0.1 0.236 £+ 0.001
unconstrained 65.8 + 0.1 72.6 £ 0.1 0.134 £ 0.001

Table 4.1: Efficiency, purity and performance (¢D?) for two different fitter modes.

As we have already mentioned in the previous study done on the 1.5 fb~! of data,
the top quark mass used in the kinematic fitter was constrained to 175 GeV/c% In
this study we use the value of 172.5 GeV/c? which is closer to the measured one. We
also use the new MC sample which was generated using this better value. To be sure
that this change does not affect our analysis we checked the differences obtained from
the old and new MC samples as well as that one from data.

In the MC samples we do not see big changes - the results are consistent with each
other, if there is a differences it will be taken into account at the systematic errors
evaluation.

However we are also wonder how it affects the data. We checked 1.9 fb~! of the
data using these two different values of the top quark mass. The results are present
in Tables 4.2 and 4.3. We see that the changes are minor and are within statistical

uncertainty. In these tables the SM like pairs in the last column ”SM/XM like pairs”
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Figure 4.1: The minimum y? distribution for the constrain fit. The MC distribution
is normalized to the number of data. Different background samples are described in

Section 6.2. For the analysis we use only events with y? < 9.

correspond to the Wb (W~b) pairs, while the XM like pairs correspond to W~b (W*b)

pairs.
Lepton # of events | after pairing cut | # of pairs | SM/XM like pairs
Electrons 136 68 133 82/51
CMUP muons 71 39 75 32/45
CMX muons 32 20 39 14/25
Non-triggered muons 60 25 48 25/23

Table 4.2: The data yields for the different lepton type obtained on 1.9 fb~! of data

using the top quark mass in the kinematic fitter constrained to 175 GeV /c?.
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Lepton # of events | after pairing cut | # of pairs | SM/XM like pairs
Electrons 136 71 139 85/54
CMUP muons 71 40 7 34/43
CMX muons 32 20 39 16/23
Non-triggered muons 60 25 48 27/21

Table 4.3: The data yields for the different lepton type obtained on 1.9 fb~! of data

using the top quark mass in the kinematic fitter constrained to 172.5 GeV/c%.
4.4 Jet Charge Algorithm

The last ingredient of the analysis is the flavor tagging of the b-jet. Combined with the
pairing method, we will able to tell if the top quark candidate events have decayed into
Wb or W~b. The determination of the average b-jet charge is done using a weighting
technique based on finding a correlation between the b quark charge and the charges

of the tracks belonging to the b-jet [71, 72]:

i @i jz pil”

Qpjet = 2 0ilji - Pil” |—» = l (4.8)
> i lgi - pil

where ¢; and p; are the charge and momentum of the i*" track inside the jet, respectively,

jis the unit vector along the jet axis and the x is a parameter. We require tracks to

pass the following criteria:
e have to be detected by Silicon Vertex detector,

absolute value of the impact parameter is |dy| < 0.15 cm,

pr > 1.5 GeV/c,

have to be inside the jet, while the jet cone AR < 0.4 is used,

at least 2 tracks pass the above mentioned criteria.

Figure 4.2 shows the jet charge distribution obtained by using the equation 4.8 on
the SecVtx loose tagged b jets in ¢t MC sample. A jet would correspond to a b if its
charge is negative, and to a b if it is positive.

From the optimization by calculating the performance eD?, the parameter x was

set to be equal to 0.5 [68].
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Figure 4.2: MC jet charge distribution for the loose tagged b and b jets. The parameter

k = 0.5 was used.

We did a couple of further checks or optimizations:

For the jet charge calculation we use the jet cone 0.4. Changing this cone we include

or exclude some tracks, what can change the final value of the charge. We compared

the difference between the jet charges associated with positive and negative leptons.

As it is seen from Table 4.4, the jet cone AR = 0.4, which is used by the CDF as the

default one, gives the best result.

jet cone Q_ Lo Q. toy T:ﬂ'%
0.30 | 0.0599 + 0.0019 | -0.0491 + 0.0019 56.4
0.35 0.0597 £ 0.0019 | -0.0494 + 0.0019 57.5
0.40 | 0.0594 + 0.0019 | -0.0490 + 0.0019 57.9
0.50 | 0.0588 + 0.0019 | -0.0488 + 0.0019 57.7
0.60 | 0.0582 + 0.0019 | -0.0479 + 0.0019 57.3
0.70 | 0.0567 £ 0.0018 | -0.0465 + 0.0018 56.5
0.80 | 0.0559 + 0.0018 | -0.0450 + 0.0018 56.0

Table 4.4: Jet charge for the jets associated with positive (();) and negative (Q_)

lepton.
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An another check was how the jet charge depends on fraction of the energy carried
by the positively or negatively charged tracks in the jet cone. We have expected that
the purity of the jet charge calculation would increase with increasing value of the
fraction. In the cases of the lower fractions, the most of the b-jet energy is carried
by neutral particles and only a few tracks with lower pr are used for the jet charge
calculation. The disadvantage of the approach is cutting out more events. As one can
see from Table 4.5 the purity is increasing with the increasing fraction of the energy
carried by the charged tracks. Because of the performance distribution is flat in the
region from 0.0 to 0.2, one can choose any value from this region. Our selection was to

continue without this cut to keep the statistics as high as possible.

fraction | efficiency € (%) | purity P (%) eD?
0.0 97.9 £ 0.04 60.8 £ 0.1 | 0.046 £ 0.001
0.1 96.8 £ 0.04 60.9 £ 0.1 | 0.046 £ 0.001
0.2 88.7 £ 0.1 61.5 + 0.1 0.047 £ 0.001
0.3 72.8 £0.1 62.2 £ 0.2 | 0.043 £ 0.001
0.4 52.8 £ 0.1 63.3 £ 0.2 | 0.037 £ 0.001
0.5 33.5 £ 0.1 64.7 £ 0.3 | 0.029 £ 0.001
0.6 18.6 + 0.1 66.5 + 0.4 | 0.020 = 0.001

Table 4.5: The jet charge algorithm optimization based on the fraction of jet energy
carried by charged tracks.

Figure 4.3 shows the number of tracks used to the jet charge calculation. There is
a small discrepancy between the data and MC distributions. The further study of this
is present in Appendix A.

Since the used MC is not necessarily reliable in terms of jet fragmentation, we
correct the purity for the jet charge algorithm obtained from the MC by using a dijet

data sample enriched in heavy flavor.
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Figure 4.3: The number of tracks in the jet cone 0.4 used to the jet charge calculation.
The MC distribution is normalized to the number of data events. Different background

samples are described in Section 6.2.
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Chapter 5

Calibration of the jet charge

algorithm

The top charge measurement is most sensitive to the value and the uncertainty of the
jet charge calculation’s purity, Pjg. It is define as the number of jets for which the
algorithm makes the correct flavor assignment, over the total number of jets, where
both cases, the numerator and denominator, are taking into account only jets matched
to a b quarks at the parton level within the jet cone 0.4. Using the tf signal MC we
found the purity 0.608 £ 0.01 (Table 4.5).

The dijet MC uses a B decay modeling and includes a minimum bias events. But due
to the fact that the jet charge calculation is sensitive to a details of the fragmentation
process, the purity should be obtained from data. A method that allows us to calibrate
the jet charge (JQ) algorithm was developed by using a muon enriched dijet data
sample, from which a sub-sample with bb pairs can be selected.

We use only pairs where it is possible to find a triggered muon inside one of jets,
which comes from the semileptonic decay of the heavy flavor hadron and where the
second jet travels back-to-back (in ¢) to the first one. The jet which contains the muon
is referred to as muon jet, while the second jet is referred to as away jet. Detailed events
selection is described in Section 5.1.

The flavor of the away jet is determined by applying the jet charge algorithm
described in Section 4.4. Knowing the charge of the muon jet from the muon charge,
we can study the correlation between the jets’ charges, which is present if the jets

comes from bb pair. The correlation can be expressed by means of the purity, P,

62



defined as the number of pairs with opposite charge signs (OS) over the total number
of pairs.
Nos

Py, = ——"— 5.1
"~ Nos + Nss (5.1)

where Npg and Ngg are the number of jet pairs with the opposite or the same charge
signs, respectively.

The final result of the jet charge algorithm’s calibration is presented in terms of
the scale factor (SF)q), which is defined as a ratio of the purity obtained from data to
that one from the MC. It allows us to convert the MC purity value to the appropriate

value in data.

5.1 Event selection

For this study we used a muon enriched dijet data sample selected by the muon CMUPS8
trigger, what means that the muon is required to leave a stub in the both CMU and
CMX muon chamber and has to have py > 8GeV. In the case of MC samples, we used
several dijet samples which were generated by using different parton py thresholds (18,
40, 60 and 90 GeV/c) and the muon enriched dijet sample generated with jet pr > 20
GeV and containing a muons with pr > 9 GeV/c and || < 0.6.

From the above mentioned samples, by looking for the highest pr muon or highest
Er jet, we select the pairs, which are composed from two jets with EFp > 20 GeV
separated in ¢ by more than 2 radians. The muon jet is required to contain the
reconstructed CMUP muon within a cone size 0.4 around its axis. Only one such pair

per events is allowed. The list of all requirements is described in following:
e muon jet raw Er > 10 GeV
e muon Jet Ep > 20 GeV
e muon track pr > 9 GeV/c
e muon track |zp| < 60.0 cm
e muon CMU stub |[dz| < 3.0 cm

e muon CMP stub |dz| < 5.0 cm
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e muon track distance to primary vertex |zp — 2| < 5.0 cm

e Muon track isolation > 0.1

e Muon track must pass through every layer of the Silicon vertex detector
e Muon |n| < 0.6

o Away Jet Er > 20 GeV

e Away Jet |n| < 1.5

e Away Jet must have at least two tracks passed the criteria for jet charge calcu-

lation

The similar selection criteria are used in the b-tag scale factor study in [73]. The
only difference is in applying of a secondary vertex mass cut on the away jet. We do
not apply it in order to keep the away jet as a generic one.

Due to the presence of the muon in the muon jet, its direction has to be corrected.
To do so we use the equation:

B = Pt <1 - é)ﬁu (5.2)
[Pl
where the value of 2 GeV was chosen from [74] as the most probable energy deposition
of a muon in the pr range under consideration. No correction is applied to the muon
jet Ep, since this study uses away jet Ep bins.

To increase the heavy flavor content of dijet pairs selected by the above mentioned
criteria we require the away jet to be b-tagged by the loose SecVtx tagger, while the
muon jet by the tight one.

5.2 Method and its correction

As we mentioned we use dijet bb pairs where we expect the correlation between the
charges of muon and away jet. The purity which express this correlation is defined in
the equation 5.1.

However the main issue in the analysis is to determine the real fraction of bb pairs

in the events which passed the selection criteria as the muons can be also produced by
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charm decays or it can be a fake muon or a light jet can be misidentified as an away
b-jet.

Using the muon enriched MC sample, we divided the events into several categories
depending on the result of jet-to-parton matching. The fractions of the treated cate-

gories are shown in Table 5.1.

Clses fraction (%) fraction (%)
no MJ tag required | both jets tagged
11 MJ=0bAl=0 772 £0.2 87.0 £ 0.3
2 MJ=b AJ=c 224+ 0.1 2.6 £0.1
3| MJ = b, AJ = nonb, nonc 5.3 £ 0.1 6.4 + 0.2
4| MJ=c¢, Al =c 8.8 £ 0.1 2.0+ 0.1
51 MJ=¢c, AJ=0 2.2+ 0.1 0.5+ 0.1
6 | MJ = ¢, AJ = nonb, nonc 3.2+0.1 0.8 0.1
7| MJ = fakes, AJ =b/c/l 1.0 £ 0.1 0.6 + 0.1

Table 5.1: Classification of events in the muon enriched MC sample. The muon (MJ)
and away jets (AJ) were matched to partons within a cone of 0.4 and classified accord-
ingly in different cases. The fakes include those events where the reconstructed muon
did not match, within a cone of 0.05, a generator level muon or those where although
there is a matched muon, but the jet is not a b or c. The "no MJ tag required” column
corresponds to the fraction of each case when only the away jet is tagged (loose) and

the "both jets tagged” column to the case where also the muon jet is tagged (tight).

From the classification it can be seen that using the tight b-tagging requirement on
the muon jet side increases the bb fraction in the selected events, while the fractions
of the other cases are reduced. The special case of interest is the c¢, in which we also
expect the the charge correlation between the muon and away jets. Due to this and
the fact that the jet charge algorithm is sensitive to the charge of the charm jets, the
result of P, could be biased. We do not expect the bias of the result from the other
cases, since there is not expected any charge correlation between the muon and away
jet. This includes the "fakes”, which are underestimated in Table 5.1, since the fraction
of bb was obtained on the muon enriched MC. However, we will obtain the bb fraction

by fitting the dijet data.
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In above we discussed the purity corrections caused by the background events,
which passed the selection but were not the real bb pairs and so the charge correlation
was not present (except the special case of c¢). But even if we have the real bb pairs
some corrections are still needed. It is due to b quark semileptonic cascade decay and
due to neutral B meson mixing.

If the secondary decay occurs in the muon jet according to the scheme b — ¢ — pu,
the muon does not come from the b quark semileptonic decay, but from a ¢ quark
decay and its charge has opposite sign. What would mean that the muon and away
jet should have the charges with the same sign. The same effect we expect if the b
quark undergoes the mixing, i.e. due to the phenomena of the By <+ B, oscillations
it converts into b quark. Thus the fraction of bb case (fy;) should be corrected by the
fraction of the secondary decay or B mixing cases, fseemiz, which contributes to the OS
number of events with probability (1 —Pjg). The case, when the mixing and secondary
decay happen at the same time, contributes with the purity Pj;o. The case of mixing
and a secondary decay like b — ¢ — p, which would contribute with (1 — P,g), is small
but is also considered and included in the fseemir calculation.

Taking into account all the corrections we can express the P, purity by the equa-

tion:

Pobs - fbl;(]- - fsecmim)PJQ + befsecmim(l - PJQ) + fca862,3,5—70-5 + chPcE (53)

where Pjq is the purity we actually want to measure, that is, the performance of the
JQ algorithm in b-jets. The fraction f,4se2,35-7 corresponds to the background events
with no jet charge correlation. The special case of c¢ events corresponds to the fraction
fez which is very small (see Table 5.1) so we assign the P,.; probability also equal to
0.5. Thus the fraction of background fy., corresponds to 1 — f; and the equation 5.3

can be expressed as:

Pobs = be(l - fsecmix)PJQ + befsecmix(l - PJQ) + 05(1 - be) (54)

5.2.1 bb fraction

To determine the f;; fraction we used two variables, which are powerful to distinguish

b quark jets from the light quark ones.
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On the muon jet side we used the muon transverse momentum relative to the muon
jet axis (prre), as it was done in the b-tag scale factor study [73]. We obtained the
b and c jet templates from the jets matched by b or ¢ quark on the parton level using
the muon enriched MC. The template for the light or gluon jets (referred to as a light
jet template) was obtained from dijet MC samples. In Figure 5.1 the templates are
shown as a function of the away jet E7. We see some dependence on away jet Fr in
the heavy flavor case (b and c jets), while there is no dependence in the case of light
jets. Such dependence is expected so it only confirms, that the used muon enriched

MC well represents the Er spectrum of the heavy flavor cases, for which it was tuned

to.
0.25F bottom 0.25- charm 0.25F light
0.2} — 20<away E <35 0.2:— — 20<away E <35 0.2:- — 20<away E <35
[ — 50<away ET<75 [ — 50<away ET<75 [ — 50<away ET<75
0_15: — 90<away ET 0_15: — 90<away ET 0‘15: — 90<away ET
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Figure 5.1: pr,. templates for bottom and charm quarks obtained from the muon
enriched MC and for light quarks/gluon obtained from the dijet MC for three intervals
of away jet Er.

For the away jet side, we used the secondary vertex invariant mass, M., calculated
using the four momenta information of the jet, which originates from this vertex. The
templates were obtained from the dijet MC, but to increase the statistics we did not
require the muon presence in the muon jet. At the light jet template contribution we
have used only the events where no heavy flavor quark on the parton level was present
in both, muon and away jet. As we see in Figure 5.2 no strong dependence on the away
jet Er is observed.

As we have mentioned in Section 5.1 we have used the dijet MC samples generated
with different parton (jet) pr. Instead of reweighing the samples to obtain the correct
jet B spectrum, we carried out the analysis in the form of the Fp function assuming

that the templates are Er independent in each away jet Er bin.
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Figure 5.2: M, templates for bottom, charm and light quarks/gluon jet obtained
using the dijet MC for three intervals of away jet Er.

Fitting procedure

Using the pr, and M, templates, we fitted the dijet data in 9 different away jet
E7 bins. To illustrate the procedure, Figure 5.3 shows the fits in one Er bin. For the
Drrel case, the charm and light spectrum are similar and the fitter can not distinguish
between them, so we used only b and ¢ templates to fit the data distributions. For
the M, fit we used all 3 templates. The differences coming from the other choices
of the templates which were used to the fits are applied as a systematic error (e.g. 3

templates fit of the pr e, or 2 template fit of the M,,).
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Figure 5.3: pr e and M, fits using two and three templates, respectively, for one bin

of away jet Er.

In this particular Er bin, the pr, fit result is 91.1 + 1.4% what means that for
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~ 9% of the events the muon jet is not from a b jet. The M, result is 76.9 + 1.2%.
From these numbers we can obtain fi; by setting the upper and lower limits. If we
assume that in the muon jet case all of the 9% of non-b muon jets are paired with
non-b away jets, the upper limit for the bb fraction would correspond to the M, fit
value, i.e. to 76.9%. On the other hand, if all of the 9% non-b muon jets are paired
with b away jets, the lower limit for the fraction would then be found by subtracting
the muon side contamination from the M,,, value. The bb fraction is calculated as the

average of those two limits. In this case it corresponds to:
e Upper limit = 76.9% (M, fit result)
e Lower limit = 76.9% - (100 - 91.1)% = 68%
e bb fraction (average of the two limits) = 72.4 + 4.7%

The uncertainty of the f; is calculated in such a way that it covers the difference

between the upper and lower limits.

5.2.2  fseemiz correction

We measured the fraction of secondary decay and mixing events in the muon enriched
MC used for this analysis, which includes both effects. To cover all possible cases we

defined fseemie by the equation:

fsecmi:v = fsecOS(l - fmlm) + (1 - fsecOS)fmi:v (55)

where f,,;, is the fraction of mixing events and f...0s (measured only over no mixing
event) corresponds to the fraction of the b — ¢ — u decays. The b — ¢ — u decays
are included in (1 — fsecos) fraction.

To obtain the fractions f,,;, and fscos we used the MC truth information. In
forward case we checked if the muon comes from an oscillating bottom meson or baryon,
while in the latter case we required the muon to originate of a charm meson or baryon.
Note that both fractions are obtained on the sample of the true bb dijet events with
opposite jet signs. Figure 5.4 shows the mixing and secondary decay fractions as a
function of away jet Ep. The lower fraction of secondary decay events for the lower
away jet Er can be explained by applying the cut on muon py. The overall feemiz is

also shown.
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Figure 5.4: Fraction of the b — ¢ — i decays and mixing, b <+ b, as a function of away

jet ET

As the Event Generator values for B production rates and for semileptonic branch-
ing ratios are different from the values cited by the Particle Data Group (PDG), we
scaled the fractions f,,;; and fs.os by the ratio between the PDG 2010 and non-bias

MC values [75]. The final fractions which we used in equation 5.4 are:

away jet Er < 40 GeV (21.4 +£2.9%

(24.8 +2.8)%

fsecmia:

away jet Er > 40 GeV

fsecmi:v

5.3 Scale Factor

As we describe above, to obtain the the purity of the jet charge algorithm Pjq from
data, we need to determine the f;. To do so we fitted the pr,. data distribution by
the MC templates. The results of the fits are shown in Figure 5.5 as a function of the
away jet Ep. The b fraction decrease from 91% at low Ep to ~88% at high E7. This
effect is caused by higher probability of finding a fake muon.

On the away jet side we used the M, distributions. As it is shown in Figure 5.6,
here the b fraction decrease almost by factor 2 (from 87% to 44%). The reason could
be increasing of the mistag rate with the energy. Note that we use the loose SecVtx

b-tagging for the away jet.
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Figure 5.5: b fraction on muon side as a function of away jet Ep, obtained by fitting
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calibration data sample, obtained by fitting its M., spectrum.

Following the procedure from Section 5.2.1 we calculated the fi; for each away jet
E7 bin, as it is presented in Figure 5.7. We see the drop of the bb fraction at high away
jet Er for the dijet data sample. It is caused by the drop of the b fraction at the away
jet side at high jet Er. The MC dependence, which is also shown in this Figure, has

also a decreasing tendency, but the drop is not so big.
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Figure 5.7: Fraction bb events in muon enriched data samples as a function of away jet

Er.

The last step to obtain Pjg from the equation 5.4 is to calculate the observed
purity, Pys, using the dijet data. Figure 5.8 shows the dependence which is consistent
with our expectations. As the bb fraction decreases with increasing away jet Er, the

background part with purity 0.5 is higher and therefore the P, is closer to 0.5.
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Figure 5.8: Measured purity, P, calculated as the ratio Nog/Niotar On jets using the

muon enriched data sample as a function of away jet Erp.

72



SF final result

We present the final result as a scale factor SFjg defined as a ratio of the jet charge
purity obtained from the data over the purity from MC. This enables to use the purity
result in any sample, in particular for the high Fr b-jets in ¢t events.

The purity in MC was calculated as a weighted average of the results observed in
the dijet and muon enriched MC samples, while the data purity P;o was extracted
using the equation 5.4. Figure 5.9 shows the both, MC and data, distributions of the

purity Pjqg as a function of the away jet Erp.
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Figure 5.9: Corrected purity, Pjq, as a function of away jet Ep. The red triangles
correspond to the purity for b-matched jets of the used MC sample (weighed average
between the purity in dijet MC and in muon enriched MC samples).

Figure 5.10 presents the result of the scale factor SFjqp which was fitted by the
constant function. A linear fit, used to obtain an uncertainty due to the E7 dependence,

is also shown. From the constant fit one can see that:

SFo = 0.99 +0.01

5.4 Systematic uncertainties

In this section we present the systematic uncertainties which are related to the pro-

cedure used to find the b fraction on the muon and away jet sides. We also add the
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Figure 5.10: Scale factor as a function of Er, for loose tagged jets, calculated from
the ratio between the JQ purity in muon calibration data and in a weighted average
between a dijet and muon enriched MC. The red line corresponds to a fit with a
constant function while the blue one corresponds to a fitted line assuming a non-zero

slope.

uncertainty caused by the Fp dependence.

5.4.1 pr,. template tag bias

In the calculation of the SF;g we used the pr . templates obtained from the b-tagged
jets, but there is a possibility of a bias due to the using of the b-tagging. Therefore we
used the non-tagged jets to obtain the new b and c jet templates, which were used to
determine the b-fraction on the muon jet side and finally to calculate the another scale
factor value. The difference with respect to the nominal scale factor value was taken

as the systematic uncertainty.

5.4.2 pr,q non-b template

The fraction on the muon jet side was obtained by pr ¢ fits using only the b and ¢
templates. We calculated the scale factor by using the light template instead of the
charm one and the difference with respect to the nominal value was added as the

systematic uncertainty.
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5.4.3 M,, template bias

The incorrect tracking efficiency in MC leads to obtaining the higher values of the
secondary vertex invariant mass. By taking into account the uncertainty of the tracking
efficiency, one could decrease the secondary vertex invariant mass by the 5%. We shifted
the b, ¢ and light templates by this value and obtained the scale factor. The difference

with respect to the nominal value was added as the systematic uncertainty.

5.4.4 My, fits

Extracting of the b fraction on the away jet side was done by the tree templates fits.
We changed the fitting technique and instead of three templates we used only two
templates with (bottom and charm or bottom and light). The shift with respect to the

nominal scale factor was added as an addition systematic uncertainty.

5.4.5 FEr dependence

The scale factor was calculated by using dijet bb events, however it will be applied in ¢t
events, where the average value of b jets Er is higher. We assumed the scale factor to
be constant, but an error which cover possible Er dependence is added as a systematic
uncertainty. The scale factor distribution was fitted by a line of non-zero slope and
the systematic error was obtained by weighing the error of the linear fit by b-jet Erp

distribution from ¢t events (see Figure 5.11).

5.4.6 Summary

Table 5.2 shows the systematic uncertainties from the sources mentioned above. The

total systematic uncertainty is 0.03.

5.5 Dependences

We checked possible dependences of the SF on the number of vertices and jets’ . To
be sure that the dependence does not come from the E; dependence, we did the check

in two different Ep regions - in the lower one for EF; between 20 and 35 GeV and in
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Figure 5.11: Obtaining the systematic error stemming from Fr dependence of the scale

factor, SFjg. The linear fit is shown by dashed black line, blue lines present the lo

deviation of the linear fit.
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0.9936 £ 0.0109

Systematic source Scale Factor Difference | Difference in %
prre template tag bias | 0.9885 £ 0.0099 0.0052 0.5
Pr.re; DON-b template bias | 0.9897 = 0.0101 0.0039 0.4
M, 2 template fit 1.0116 £ 0.0120 0.0180 1.8
Track rec. ineff. 0.9718 + 0.0096 0.0218 2.2
Er dependence 0.0139 1.4
Total 0.0322 3.2

Table 5.2: Systematic uncertainty on the scale factor

the higher ranging from 50 to 75 GeV. As it is shown in Figures 5.12 and 5.13, no

dependence was observed.

Due to the fact that one would like to use the tight SecVtx b-tagging instead of
the loose one, we checked also the SF' by using the tight b-tagging. The result shown
in Figure 5.14 is consistent with the scale factor obtained by using the loose b-tagging.

The difference is in a range of one standard deviation.

We mentioned in previous section that CDF collaboration used different tracking
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scrips for data collected from April 2008 to February 2010. This could affect calculation
of the jet charge. To be sure that there is no issue coming from the tracking we
calculated jet charge scale factors SFjq for the data collected before and after April
2008 separately. The results, shown in Figure 5.15, are consistent within the statistics.

(This check was done before obtaining the final result for all data together.)
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Figure 5.12: SF as a function of number of Z vertices, for two different E7 bins.

‘5 [
8 24 | x2/ndf 451/7 | x2/ndf 2.833/7
; 22F | PO 0.986 +0.01344 || pO 0.9791+ 0.0245
= 7r
a2k
Lo —+ 20<E,<35
16 ;— —— 50<E,<75
1.2
- - == }
]_7 ----------- M@-"{." o e
[ + I 1 1
0.8
0.6
]
-1.5 -1 0.5 0 0.5 1 1.5
away jetn

Figure 5.13: SF as a function of away jet 7, for two different Er bins.
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to a fit with a constant function while the blue one was done by fitting to a line with

non-zero slope.
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Figure 5.15: Scale factor calculated separately for data collected from February 2002
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red (black) line corresponds to the constant fits of two data subsamples.
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Chapter 6

MC expectations

This section contains the results obtained by means of MC studies. We describe contri-
bution of the extended (non-triggered) muons and in detail we analyze the sources of
the background events as well as the systematics uncertainties. The signal expectation

is described at the end of the section.

6.1 Non-triggered Muons

The non-triggered muons increase our statistics by ~ 20%. To select the events we use
a trigger containing cuts on E?" "9 and jets (see Section 4.1). However in the MC sample
we do not have such a trigger. To correct the proportion of non-triggered muons we
use the so-called trigger turn on curve, which sets a weight to each event. This weight
depends on the l}r "9 as it is shown in Figure 6.1.

As we use the fitter for the lepton - b-jet pairing and jet charge algorithm to
determination the flavor of b-jets, we check on MC a possible dependence of the purities
on the lepton type. From Table 6.1, one can see that there is no dependence of the jet
charge purity on the lepton type, but the pairing purity of the non-triggered muons is
slightly higher with respect to the other lepton types.

This is caused by the applying the trigger turn on curve. We found that the pairing
purity depends on E7 as it is shown in Table 6.2. This effect we see in all lepton types.
The trigger turn on curve gives the higher weighs to the events with higher E;f "9 which
differs from Fr only by the applied corrections. To obtain the Fp we apply further

. tri
corrections on [ Y.
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Figure 6.1: Trigger turn on curve used in MC to correct proportion of extended muons

(blue line). Red line presents the trigger cut on £y 9

Lepton type Pairing purity (%) | jet charge purity (%)
Electrons 83.1 £ 0.2 60.7 £ 0.2
CMUP muons 83.3 £ 0.2 60.8 + 0.3
CMX muons 82.8 +£ 0.3 60.9 £ 0.4
Non-triggered muons 84.5 £ 0.2 61.0 £ 0.3

Table 6.1: Table of pairing and jet charge purity for different type of leptons.

Lepton type Br <50 GeV | B > 50 GeV
Non-triggered muons no TTOC | 81.5 4+ 0.3 84.5 + 0.3

Table 6.2: Table of pairing purity obtained for the non-triggered muons events without

applying the trigger turn on curve (TTOC) for different I regions.

Not applying the trigger turn on curve on the loose muons events in MC leads to
the pairing purity (83.0 &+ 0.2)%, what is consistent with other lepton types. If we
combine all lepton types together, the difference in the total purity calculated with or
without applying trigger turn on curve on loose muons events is only 0.3%. This has

no impact to our final results.
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6.2 Background

There are several sources of background in the lepton+jet channel. The main source
is the QCD production of W boson plus multijets. If two jets comes from the heavy
flavor quarks (b, ¢) we call this background as W+heavy flavor. In the case when all
jets comes from light quarks (u, d, s) the source is named Mistag. The second biggest
part of background is formed by QCD events without W boson and the other parts
comes from single top and diboson events.

As we mentioned in Section 4.1, we use only events with at least two b jets, what

suppresses the amount of background to ~ 15%.

6.2.1 W-+theavy flavor

This part of background is composed mainly from the W+gluon sample, where gluon
splits to the bb or cé pair. The other source is the W+c subsample. The final con-
tribution is obtained by weighing the particular inputs from these samples by the
cross-section predictions. Due to the presence of heavy flavor jets and leptonically
decaying W boson, this background passes the selection criteria easier than the events

from other sources of background.

6.2.2 QCD

The QCD background contains the non-W multijets events that can contain bb or cé
jet pairs. In this case the needed lepton can come from a jet that was mis-identified as
a lepton and another possibility is a lepton coming from the semileptonic decays. To
estimate this type of background we used data driven method. We ran over the special
data sample suggested to treat the fake electrons, where all selection cuts were applied
except of the lepton selection ones. The lepton candidate did not need to fulfill two of

the identification criteria required for isolated high pr lepton (see Section 4.1).

6.2.3 Mistag

The mistag events are produced in the same way as the W+heavy flavor events, but
in this case the W boson is accompanied by jets from light quarks and gluons, e.g. a

radiated gluon can split into light quarks. If we mis-identify these light jets as b jets,
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event can pass our selection criteria. But in such case, estimation of the uncertainty
is done in a different way than in the case of the W+heavy flavor, where the b tagged
jets comes from the real b jets or ¢ jets, which are supposed to pass the tagging criteria.

That’s the reason why we separated the samples.

6.2.4 Single Top

To treat this part of background we used two MC samples generated by the t-channel
and s-channel single top production. We combined them by weighing them by their

predicted values.

6.2.5 Diboson

Processes considered for this type of background are WW, ZZ and WZ events. The
WW events can pass selection if one W boson decays leptonically, other one decays
hadronically and there is a splitting gluon which was radiated in initial or final state.
In the case of ZZ events one Z boson should decay hadronically to bb or cé pair and
the second Z decays leptonically. Similarly in the case of WZ, the Z boson can decay
hadronically, while the W boson should decay leptonically.

As in the other background cases considered, we weighed the samples by their

predictions to obtain the final results.

6.2.6 Background Expectations

To predict the number of events for each type of background, we used the same method
as was used by the top production cross-section measurement in L+J channel [76].
However we use some special cuts in our analysis like x? < 9 for the lepton - b-jet
pairing and also we require at least two "good” tracks in jet cone for the jet charge
calculation. Thus we apply the pairing efficiency to the predicted number of events.
As we use two b-jet pairs per event, we multiply by two the number of events, which
passed pairing cut, to obtain number of pairs. The jet charge efficiency is applied to
number of pairs. In Table 6.3 you can found the efficiencies and corresponding values

of the expected number of events/pairs for the each type of background.
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Pairing # of events | jet charge
Background Prediction Ny, pairs
efficiency | after pairing | efficiency
W+HF 66.27 £+ 21.82 | 0.15 £ 0.00 | 10.4 £ 3.31 | 0.97 £ 0.00 | 19.47 £ 6.43
QCD fakes | 17.97 + 13.53 | 0.17 & 0.08 | 3.05 £ 2.71 | 0.88 £ 0.12 | 5.35 £ 4.80
Diboson 4.67 +0.70 | 0.22 +0.02 | 1.01 +0.18 | 0.97 + 0.01 | 1.96 £+ 0.35
Mistag 9.68 &£ 2.57 | 0.15 £ 0.02 | 1.45 + 0.43 | 0.96 & 0.02 | 2.79 £ 0.82
Single top 10.62 £ 1.28 | 0.21 + 0.00 | 2.26 + 0.28 | 0.97 & 0.00 | 4.40 £ 0.54
Total 109.2 £ 25.9 17.8 £ 4.3 34.0 £8.1

Table 6.3: Table of background expectations, together with their measured efficiencies.

Our interest in the case of the background samples is to find out a possible correla-
tion between the signal lepton charge and charge of the corresponding b-jet. One can
express this correlation by the background purity defined as:

N,

=__ - T 6.1
N, + N_ (6.1)

Po

where N, is the number of W*b (or W~b) pairs and N_ is the number of Wb (or
W*b) pairs. In other words, one can say that it is the number of the SM like pairs
(N,) and the number of exotic model like pairs (N_).

If there is no correlation between the lepton and b-jet charges, then N, = N_ and
the purity is equal to 0.5. We call such background also the symmetric background.
If any correlation is present, the purity is not 0.5 and we say that the background is
asymmetric.

We do not expect any correlation in background samples except two of them: single
top and QCD background. In former case the real top quark was produced so we could
see the asymmetry. In the latter case the asymmetry can comes from the bb events
where the lepton from semileptonic decay is correlated to the charge of the b jet, from
which it originates.

In Table 6.4 we present the background purity p, for each type of background. The
second column shows the measured purity, which we obtained by running over the MC
samples, while column tree shows the used purity. In the cases when the measured
purity is symmetric within the uncertainty and we do not expect any correlation, we

use purity 0.5 £ 0.0 instead of the measured one. For cases where we expect some
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each type of background are shown.

correlation we used the measured purity. In this table the N, and N_ numbers for

Background | "meaured” purity | used purity N, pairs N_ pairs

W+HF 0.48 £+ 0.01 0.5£00 | 973 £321 | 9.73 £ 3.21
QCD fakes 0.48 + 0.06 257 £ 233 | 278 &£ 2.52
Diboson 0.50 £+ 0.03 0.54+00 | 098 £0.17 | 0.98 £0.17
Mistag 0.56 4+ 0.04 05+£00 | 1.39 £041 | 1.39 £ 0.41
Single top 0.51 + 0.01 225+ 0.28 | 2.15 £ 0.27
Total 0.498 + 0.010 16.92 +4.01 | 17.04 + 4.13

Table 6.4: Table of background purities, together with the number of the SM (XM)
like pairs N; (N-).

6.3 Systematics

The predicted number of the signal and background expectations obtained from the
cross-section analysis [76] already contains the systematic uncertainties. However the
MC modeling of the geometrical and kinematic acceptance includes the effects of parton
distribution functions (PDFs), initial and final state radiation (ISR and FSR) and jet
energy scale which are sources of the systematic uncertainty. In addition uncertainty
can comes from the choice of the generator (PYTHIA or HERWIG) or top mass used
for generating the MC sample. All of these sources affect the purity and efficiency of
lepton - b-jet pairing and also jet charge calculation efficiency and purity. The pairing

can be also affected by the top mass which we used for generating of MC samples.

6.3.1 Jet Energy scale

The jet energy scale is used to correct the energy of jets, however it is also obtained
with some uncertainty. We modify the value of the jet energy scale by its uncertainty of
+10 and correct the jet energy by these modified jet energy scale values. The average
of the percentage difference between the shifted and nominal samples is taken as the

systematic uncertainty.
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6.3.2 Initial/final state radiation

This systematic uncertainty cover the cases when the jets picked up by our analysis
originates from the gluon radiated before or after the hard collision. That corresponds
to the initial (ISR) or final state radiation (FSR), respectively. Due to the fact that the
amount of ISR/FSR in ¢t events is not well understood, we study the MC signal samples
generated with various amount of these effects. To compare with nominal sample we
use samples with more and less amount of ISR/FSR. The average percentage difference

with respect to the nominal sample is considered as the systematic uncertainty.

6.3.3 Parton distribution function

Instead of generating many MC samples for each parton distribution function (PDF)
set, we reweigh the nominal MC sample generated with the CTEQ PDF set [77]. For
each event we look at the parton level information to figure out which of the partons
interacted and what was the tranfer momentum ¢?. Then for each PDF set we calculate
the probability of such interaction which is later used as weight. We use the following

PDF sets:
e CTEQSL - the default set used for the nominal MC

e MRST72 - MRST PDF set [78] with the same value of strong interaction constant
ag as is used in CTEQ5L

e MRST75 - MRST PDF set with different value of ag with respect to nominal
CTEQ5L set

e 40 CTEQ PDF sets obtained by variating each of 20 CTEQ PDF parameters by

+1.640, what corresponds to the inclusion 90% of possible cases.

The total PDF systematic error is obtained in the following way:

We calculate the contribution of ag uncertainty to the PDF systematic error by
comparing the MRST72 and MRST75 PDF sets. Then we compare the uncertainty
from 20 eigenvectors with the difference between the MRST72 and the nominal CTEQ5L
sets. The greater value is then added to the ag systematic uncertainty contribution -

the sum is taken as the total systematic uncertainty caused by PDF.
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6.3.4 Monte Carlo generator

Our nominal ¢t MC sample is generated by PYTHIA. We run over the HERWIG
tt MC sample to compare the efficiencies and purities of our pairing and jet charge
algorithms. The percentage difference is considered as the corresponding systematic
uncertainty. However due to the fact that we calibrate the jet charge algorithm by

using data, no MC generator systematic is assigned to jet charge purity.

6.3.5 Top Mass

The top mass of 172.5 GeV/c? was used as the input for generating our nominal
MC sample. For kinematic reconstruction of the events we use the fitter (see Section
4.3) with top mass constrain to the same value (172.5 GeV/c?). To treat this source
of systematic, we run over other two MC samples generated with top mass of 170
GeV/c? and 175 GeV/c?, while the fitter uses top mass constrained to 172.5 GeV /c?
in both cases. The average percentage difference with respect to the nominal sample

is considered as the corresponding systematic uncertainty.

6.3.6 b tagging

The errors on the b tagging efficiencies are included in the prediction numbers that are
taken from the cross-section analysis. However the fraction of the b-tagged jets, that
originate from c or light quarks is generally lower in MC than in data. To correct this
discrepancy we obtain the new MC sample with a changed b-tagging method described

in the following:

1. Each jet in the event has some probability to be tagged as b-jet (mistag proba-
bility). This probability depend on the jet properties. We increase the number
of wrongly b-tagged jets by comparing a random number by the mistag probabil-
ity. If the random number is lower than mistag probability we assign the jet as

b-tagged. This is done only for jets, which did not pass SecVtx loose b-tagging.

2. For the SecVtx loose b-tagged jets (denote them as heavy flavor jets) we use
another approach. As a probability we take the b-tagging scale factor [73], which
is obtained by comparing b-tagging efficiency in data with that in MC. For the
loose SecVtx tagging it is equal to (98.146.9)%. If a random number is lower than
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the b-tagging scale factor, we assign heavy flavor jet as b-tagged, in other case
it is not assigned as b-tagged. This actually decrease the number for correctly

b-tagged jets.

This new MC sample better describes the data and by comparing with the nominal MC
we calculate the scale factor SF,,.,, which corresponds to the non-b fraction f,o.s - the
ratio of double tagged events with one or more b-tagged jets that do not originate from
b quark. To obtain the uncertainty of the SF,,,, we variate the b-tag scale factor and
mistag probabilities by their uncertainties. The final value of this non-b scale factor is

SEony = 1.01 +0.03.

6.3.7 Final systematic error

The combined uncertainty on the efficiencies and purities are calculated by adding each
individual uncertainty in quadrature. The b-tagging uncertainty is not included here,

but we use the SF),,,; later in the analysis as is described in Section 6.4.

In Table 6.5 we show the systematic uncertainties on the pairing efficiency and

purity and on the Jet(Q selection efficiency and purity.

Systematics (in %) | pairing € | jet charge € | pairing purity | jet charge purity
Jet Energy Scale 0.2 0.04 0.1 0.1
ISR/FSR 0.5 0.1 0.2 0.2
MC generator 0.2 0.1 0.1 (0.7)
top mass 0.4 0.2 0.9 0.5
PDF 0.7 0.02 0.1 0.02
Total 1.0 0.3 1.0 0.6

Table 6.5: Summary of systematic uncertainties (in %). The (0.7) number is given as
information but not used in the total uncertainty since the JetQ purity is calibrated
in data and so the scale factor uncertainty already includes the effect of different

hadronisation models.
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6.4 Signal expectations

We obtain the expected number of pairs in the same way as in the background case.
The same method as was used by the top production cross-section measurement in
L+J channel [76] is used to calculate the predicted number of events. After applying
the pairing and jet charge calculation efficiencies, we express the expected number of

signal pairs Ny (see Table 6.6).

Signal Pairing # of events jet charge
Ny pairs
prediction efficiency after pairing efficiency

+0.001(stat) £0.000(stat)
671.3 £ 110.8 | 0.53250 000" | 357.1£59.1 | 0.97970000"") | 669.6 + 115.7

Table 6.6: Table of signal expectations, together with the measured efficiencies.

The calculation of the signal purity is more complicated as it is in case of the
background purity. For the signal we have defined the pairing purity pp., and jet
charge purity pjg on the jets, which were matched with b quark at the parton level.
To obtain the total purity we need to combine them, and to take into account that
the sample also contains the mistag b-jets. The fraction of such cases is expressed as
frnony and needs to be corrected by the non-b scale factor SF,,,, as we mentioned in
Section 6.3.6. The purity of these "non-b” events, p,.np, was obtained to be 0.50+£0.01,
what confirms our expectations that there is no correlation between lepton and b-jet
charges.

Taking into account all the above effects and also the fact that the jet charge scale
factor, SFq, is need to be apply to jet charge purity obtained from MC (as is discussed

in Section 5), we can express the total signal purity, ps, by the following expression:

Ps = fnonb . SFnonb - Prnonb+
(1 - fnonb . SFnonb)(ppair . pJQ . SFJQ + (1 - ppair)(l — pJQ . SFJQ)) (62)

The values of all variables used in this equation are summarized in Table 6.7. The
listed systematic uncertainties come from the propagation of the systematic uncertain-
ties quoted in Table 6.5.

Using the signal purity, ps, one can also express the expected number of SM like
(N;) or XM like (IN_) pairs for the signal MC. The corresponding values are shown in
Table 6.8.

88



Jrony 0.076 £ 0.001
S Frionb 1.01 £ 0.03

Pnonb 0.5+ 0.01

Dpair 0.833 4 0.001(stat) £ 0.008(syst)
DJIQ 0.608 & 0.001(stat) £ 0.003(syst)
SFjq 0.99 £ 0.01(stat) £ 0.03(syst)

Table 6.7: Elements needed to compute the combined purity, the description is in the

text.

signal pairs N, | signal purity p; N, pairs N_ pairs
£0.004(stat)
669.6 £ 115.7 0.562 0 011 (syst) | 393-5£65.6 | 306.1+51.3

Table 6.8: Table of the expected number of the SM (XM) like pairs N, (N_) for the

signal, together with the signal purity, p,.
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Chapter 7

Statistical treatment

In our analysis we want to decide if the measured data prefers the SM or exotic -4/3
quark hypothesis. To do so, we calculate the number of SM-like, N, and XM-like, N_,
pairs (as it is defined in Section 6.2.6) for data. The obtained values can be compared
with the SM expectations and we can express the degree of evidence in favor of the
SM over the XM or vice-versa.

However we need to use a parameter of interest which has different probability
density functions for the SM hypothesis and the XM one. We choose the fraction of
SM events, f, defined by the equation:

N,

=+ 1
N, + N_ (7.1)

f+

In the ideal case the f, should be equal to 1 in the case of the SM and equal to 0
in the case of the XM. Due to uncertainties of the pairing and jet charge calculation it
is not always true, but in MC the f, value is still expected to be close to 1.

To compare our best estimate of f, (derived from the limited statistics of data
sample) with that of our (MC) expectations we can use the frequentest or Bayesian

approach. We express our results using both of them.

7.1 Profile likelihood

The basic idea of the profile likelihood is straightforward. Let us assume we have
a probability model for our data which depends on k parameters m = (my, ..., m) of

interest to the researcher but also on additional nuisance parameters 0 = (64, ..,0,).
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If we denote the probability density function by f(x|r,#) and we have independent
observations X = (X7, .., X,,), then the full likelihood function is given by [79]:

Lim, 01X) = ]| f(Xilr. 0) (7.2)

A standard technique for constructing confidence intervals is to find a corresponding
hypothesis test. Here the hypothesis test is defined as Hy: m = my versus Hy: m # 7.

The test can be based on the likelihood ratio given by:

max{L(my,0|X);0}
max{L(m, 0|X);m, 0}

where the maximum in the denominator is found over the full parameter space (we go

A(mo| X) =

(7.3)

through the all hypotheses as wall as through the whole nuisance parameter space),
while the maximum in the numerator is found only over the subspace with = = m [79].

Notice that A is a function of my (and the data) only, but does not depend on the
nuisance parameters #. In the context of nuisance parameters the function A is also
called the profile likelihood. One of the standard results known from statistics is that
—2log)\ converges in distribution to a x? random variable with & degrees of freedom
(where k is number of parameters of interests) [79].

In the top charge analysis we define only one parameter of interest m = f, (see

equation 7.1) and we use the following four nuisance parameters:

e N, - the number expected signal events, which passed both - the pairing and jet

charge calculation criteria

e N, - the number expected background events, which passed both - the pairing

and jet charge calculation criteria
e p, - expected signal purity defined by the equation 6.2

e p, - the expected background charge asymmetry, obtained by combining the all
types of backgrounds inputs.

Using this we can express our likelihood by five terms:
L =L, LN, Ly,.Ly, Ly, (7.4)

where L, is the Poisson distributed signal part, the next four Gaussian distributed
terms are related to the uncertainties in number of signal (Ly,) or background (Ly;, )

events, respectively and purities for the signal (L, ) and background (L,,).
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The signal term is defined:

< Ny > e0<Ne>) « N 507 p(=<N->)
+ -\ +
Ls(x y L ) - Poaal 1 (75)

where 7 and 2~ are the number of the SM-like and XM-like events, respectively,
obtained from data. The < N, > or < N_ > are the expected mean values of Poisson
distributions for N, or N_, respectively and can be expressed (through the nuisance

parameters) as:
< N4 >:pstf++(1_ps)Ns(1_f+)+prb (76)

< N_ >= (1 — ps>st+ —|—p3Ns(1 — f+) -+ (1 — pb)Nb (77)

The background uncertainty term is defined as:

_ wp=Ny)?

1 =
Ly, () = P o= N (7.8)
b

where N, and oy, are the number of background and its uncertainty and y, is the
random likelihood variable.
The signal uncertainty term is defined as:
1 _(ws=No)?

e s 7.9
oN, V2T (7.9)

where N, and oy, are the number of background and its uncertainty and y; is the

LNs (ys) =

random likelihood variable.
The signal purity term is defined as:

1 7(%)3 —22)3)2
Lps(zps) = o \/%6 27bs (710)
Ps

where p, and o, are the background asymmetry and its uncertainty and z,, is the
random likelihood variable.

The last - background purity term is defined as:

Ly, (2p,) = e (7.11)

where p, and o, are the background asymmetry and its uncertainty and z,, is the
random likelihood variable.
To obtain the f, value corresponding to the observed data (z, x7), we require the

partial derivatives of the total likelihood with respect to each nuisance parameter to
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be equal to 0. That leads to the system of nonlinear equation, which can not be solved
analytically, so we use the MINUIT fitter to minimize the —2log\ for the each value of
f+ from the region ([-1,2]) covering all possible values of f,. The results is expressed
as the —2log\ function dependent only on f,.

For the generating the pseudo-experiments (PE), based on MC prediction, we need
to simulate, the x* (27) values. That is done by drawing a random numbers from
corresponding Poisson distribution with the mean < N; > (< N_ >). The < Ny >
and < N_ > values are obtained using Eq. 7.6 and 7.7 by fixing the f,. For the
other variables from the likelihood expression we draw a random number from the
corresponding Gaussian distributions.

If we repeat the PEs 1,000,000 times and in each case we pick up the f, value
corresponding to the likelihood minimum, we get the distribution (curve) of the f,
values. Figure 7.1 shows two f, curves - in red if we assume that the SM hypothesis

(Hp) is true and in black if we assume that XM hypothesis is true.

80000
70000
60000
50000
40000 XM SM
30000

20000

# of pseudo-experiments

10000

-0.5 0 0.5 1 15

Figure 7.1: f, distributions for the SM and XM hypothesis obtained from 1,000,000

pseudo-experiment.

Hypotheses test

If we want to formulate the statement about the compatibility between the data and
the various hypotheses in therms of a decision to accept or reject a given null hypothesis
Hy, we need to start with introducing the test statistics X and the critical (rejection)

region for X. If the value of X actually observed is in the critical region, we reject
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the hypothesis Hy, otherwise, Hy is accepted. The critical region is chosen such that
the probability for X to be observed there, under assumption if the null hypothesis, is
some value «, called the significance level of the test:
Xeut

Q@ :/ f(X|Hp)dX (7.12)
where f(X|H,) is a probability density and X, is a boundary which separates the
critical region from the rest of the region. One would then accept the hypothesis H if
the value of X is higher than X.,. There is thus a probability of a to reject Hy if Hy
is true. This is called also the Type I error [80].

Type II error takes place if the hypothesis Hy is accepted but the true hypothesis

is H,. The probability for this is:

B = XOO f(X|Hy)dX (7.13)

where 1 — (3 is called the power of the test to discriminate against the alternative

hypothesis H; [80].

p-value

P-value is one of the basic terms, which we use in statistical significance testing. We
choose f, as our test statistics and define two p-values, one pgy; under the SM like
distribution of f,, the second one pxjy; under the XM like distribution of f,.

The p-value pgps expresses the probability of obtaining a test statistics value at
least as extreme as the one observed in data, provided that the null hypothesis (SM)

is true:

fiata
psar — / F(X|Ho)dX (7.14)

—00

This definition is the similar to that for «, but in this case for the upper boundary of
the integral, we use the measured f, value instead of a priori chosen one.

The p-value px s expresses the probability of obtaining a test statistic as extreme
as the one observed, provided that the alternative hypothesis is right.

pxm = | f(X|Hy)dX (7.15)
f+ata

We compare the p-value with a priori defined Type I error . If the p-value is lower
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that «, we reject the hypothesis, otherwise we accept it. The quantity 1 — « is reffered
as the confidence level.

In our analysis we use two different Type I errors - one «q for the null hypothesis

(SM) and the other «; for the H; hypothesis (XM):

o ap =287 x 1077 or 1.3 x 1073, what corresponds to 5 or 3 sigma, respectively.

e o = 0.05

The a-priori values of the Type I errors were set based on the standard values
utilized in high energy physics. In order to claim evidence or observation of a non SM
behavior we use 3 or 5 sigma, respectively, while for the exclusion of a new physics
hypothesis, like searches for exotic models such as SUSY, etc. we typically use a Type

I error value equal to 5%. Therefore, for our analysis, the a-priori criteria are:

psy < 1.3 x 107% = 30 evidence of the non SM effect

psy < 2.87 x 1077 = 50 observation of the non SM effect

psyr > 1.3 x 107 = we do not exclude the SM

pxm < 5% = we would exclude a XM effect with 95% CL

By performing the above two tests simultaneously it is possible to make one of the

following four decisions:

1. To reject the XM and at the same time fail to reject the SM.

2. To reject the SM at the 3 or 5 sigma significance level and at the same time fail

to reject the XM. This is evidence or observation of a new effect.

3. We fail to reject either the XM or SM. This is what statisticians call an outcome

in the "no-decision region”.

4. To reject both the XM and SM.
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7.2 Bayes Factor

The second approach which is used in the high energy physics is the Bayesian treatment
that expresses a degree of belief for a given hypothesis. In our case the difference with
respect to the frequentest approach is that no minimization is done. In this case we
evaluate the likelihood of the SM hypothesis (using f, = 1) as well as the likelihood
of the XM hypothesis (using f,; = 0) and integrate them over the nuisance parameters
to include systematics uncertainties. Then by assuming that the probability of the SM
hypothesis is equal to the probability of the XM hypothesis, the Bayes factor can be

expressed by equation:
Pt e |fy = 1)
P(I‘+,I‘_|f+ = O)

where the likelihood P can be expressed by the signal part L, (as is defined by equation

BF =

(7.16)

7.5) and gausian distributions of the nuisance parameters as follows:
P =L, Gn,Gn,.Gp,.Gp, (7.17)

The obtained value expresses how likely is the SM hypothesis in comparison with the
XM one. By calculating 2.In(BF) one can get the number similar to x? which can be

compared with the following scale [81]:
e 0-2: not worth than a bare mention
e 2-6: positive evidence
e 6-10: strong evidence

e > 10: very strong evidence.
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Chapter 8

Results

This analysis is based on an integrated luminosity of 5.6 fb=! collected with the CDF
IT detector between March 2002 and February 2010. To compare with the previous
public result based on the same methodology [69] we increased the statistics by ~ 4
times.

We have observed 815 events in lepton-jet channel. After applying the x? < 9 cut
for the pairing and selection cuts for the jet charge calculation we have obtained 774
pairs, from which 416 pairs are SM-like and the rest 358 pairs are XM-like. In Table

8.1 we summarize the data yields for different lepton types.

events JQ defined | SM | XM
Detector events
after pairing pairs pairs | pairs
CEM electrons 378 183 361 206 | 155
CMUP muons 175 88 170 87 83
CMX muons 93 52 103 51 52
Non-triggered muons | 169 74 140 72 68
Total 815 397 774 416 | 358

Table 8.1: The observed number of events before and after the pairing cut. The
observed number of pairs with the jet charge defined and the observed SM-like and
XM-like pairs according to lepton type.

The number of SM (XM) like pairs is obtained by counting the cases when a combine
charge of the lepton - b-jet pair is negative (positive). The combined charge is defined
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as:
Qcomb = Q(W) ' Q(b - jet) (81)
where Q(W) is the charge of W boson (or lepton) and @ (b-jet) is charge of the corre-

sponding b-jet. The distribution of the combine charge is shown in Figure 8.1.

CDFRunll,L=5.6fb*
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W 8o J|. :
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o,
201 : 4
. e L
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QW) * Q(b-jet)

Figure 8.1: W charge x JetQ for the L+J channel, the SM-like pairs are on the negative
side of the plot while the XM-like pairs are on the positive side.

N, 699.6 £ 115.7

Ny 34.0 £8.1

ps | 0.562 £ 0.004(stat) £ 0.011(syst)
Db 0.498 £ 0.010

Table 8.2: Expected number of the signal and background and pairs together with the

corresponding purities.

Using the profile likelihood with the above number of the SM-like and XM-like pairs

(see the last row of Table 8.1) and 4 nuisance parameters, which are summarized in
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Table 8.2, we get the log likelihood curve shown in Figure 8.2. The minimum of the
curve is at a value of f, = 0.83. This corresponds to a p-value of 13.4% under the SM
hypothesis which we interpret as not excluding the SM hypothesis (when compared
to the chosen a priori three standard deviation criterium for non-SM evidence). The
p-value under the XM hypothesis is 0.014% which is less than 5% so we interpret this
result as a 95% confidence level exclusion of the XM hypothesis. If we express the pxs
value in standard deviations we would get ~ 3.50. Figure 8.3 shows the probability
distributions for SM and XM hypothesis as the function of f,. The observed value of
f+ = 0.83 is shown.

Using the Bayesian treatment, we obtain a value of 2in(BF') = 19.6, and conclude

that the data favors very strongly the SM over the XM hypothesis.

CDFRunll,L=56fb"
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f+
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Figure 8.2: The -2LnL curve corresponding to the obtained results, the minimum is at

the value of f, = 0.83.

We checked the results for electrons and muons separately. The summary of the
expected number of signal or background pairs as well as corresponding purities can
be found in Table 8.3. In Figures 8.4 and 8.5 we show the distribution of the best f,
obtained using the pseudo-experiments based on either the SM hypothesis or the XM
hypothesis for electrons and muons separately.

As we can see in Table 8.4 the p-value under the SM hypothesis for electrons is

0.671 and for muons 0.026. Both values are higher that a-priori criteria value 0.0013,
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CDF Run Il, L=5.6 fb*
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Figure 8.3: Distribution of best f, from the pseudo-experiments assuming the XM

(black) and SM (red) hypothesis; the blue arrow corresponds to the observed value.

electrons muons
N | 307.8 £ 50.8 | 391.7 £ 66.6
Ny | 17.24+4.6 16.8 + 4.0
ps | 0.56+0.01 | 0.56 £ 0.01
py | 0.50£0.02 | 0.50=+0.01

Table 8.3: Expected number of the signal and background pairs together with the

corresponding purities for electrons and muons separately.

what means that we do not exclude the SM in either electrons or muons case. The
both p-values under the XM hypothesis (for electron and for muons) are lower then
5%, what means that we can exclude XM hypothesis with 95% CL. One can say that
we have the same conclusions as in the case of the combined (e + p) result.

Based on the Bayes factor values electrons favors very strongly the SM over the XM

hypothesis, while muons favors positively the SM over the XM hypothesis.
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Figure 8.4: Distribution of best f, from the pseudo-experiments assuming the XM and
the SM for electrons.
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Figure 8.5: Distribution of best f, from the pseudo-experiments assuming the XM and

the SM for muons.
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electrons muons
pairs 206 SM like / 155 XM like | 210 SM like / 203 XM like
f+ 1.11 0.57
DM 0.671 0.026
DXM 0.0004 0.007
2In(BF) 20.3 2.7

Table 8.4: Results of the statistical treatment for electrons and muons separately.
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Conclusions

In this thesis I present the measurement of the top quark electric charge via its decay
products using the 5.6 fb~! of the data collected by the CDF experiment. Our main
goal was to decide if the measured top quark charge supports the Standard model
hypothesis or the hypothesis of the exotic quark. In the former case the reconstructed
top quark charge would be equal to +2/3, while in latter one the charge would be -4/3.

The reconstruction of the top quark charge was done in tree steps:
e determination the W boson charge (via the lepton charge),

e correct pairing of the W boson with the b-jet - both should origin from the same
top quark decay (using the CDF kinematic fitter, which reconstructs the event

topology),

e determination of the b-jet charge (using the jet charge algorithm).

We tried to improve the jet charge algorithm and its purity by applying the further
requirement (track to jet energy ratio) and also by studying the resolution of the
algorithm as a function of used jet cone. However the results of these studies gave
us no significant improvement, so we decided to use the original criteria to keep the
statistics as high as possible.

Due to the fact that the MC is not necessarily reliable in term of the jet fragmen-
tation, we calculated the scale factor needed to correct the purity of the jet charge
algorithm obtained from the used MC sample. The final result of the scale factor is:
SFjq = 0.99 £ 0.01(stat) = 0.03(syst). We also checked a possible dependence of the
scale factor on the different tracking algorithms used by the CDF (a new tracking al-
gorithm was used for reconstruction of the data collected from April 2008 to February

2010). No strong dependence was observed.
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After applying of the all selection criteria and optimization cuts, which were set
in the previous analysis based on the 1.5 fb~! of CDF data, we selected 774 W boson
- b-jet pairs. Out of them the 140 pairs comes from the non-triggered muons, which
we added to increase the muon acceptance. The non-triggered muons compose almost
20% of the whole data sample.

We recalculated the background contribution using also the high luminosity MC
samples. These samples were generated with a higher (in comparison with the previous
samples) instantaneous luminosity and have to be added to the original background MC
samples due to the fact that the instantaneous luminosity of the data events increased.
For the same reason we had to recalculate the systematics uncertainty.

The other reason, why we recalculated the background contribution and the sys-
tematics uncertainties, is that in the previous analysis the top mass of 175 GeV /c? was
used to generate the tf MC samples and also to reconstruct the event topology by the
CDF kinematic fitter. However, the more precise measurement of the top quark mass
leaded to the general CDF collaboration’s decision of using the top quark mass equal to
172.5 GeV /C? for both - generation of MC samples and top quark event reconstruction
by the kinematic fitter.

By running over the whole analysis, we obtained 774 W boson - b-jet pairs, out of
which the 416 pairs are SM like and 358 pairs are XM like. The statistical treatment
of this result leads to the p-value under SM hypothesis of 13.4% and p-value under
exotic quark hypothesis of 0.014%. The CDF general accepted approach compared the
p-value under the SM with a priori set Type I error a; = 1.3 x 107* (2.87 x 1077) and
p-value under the XM model with a priori set Type I error ap = 5%.

Using these criteria we can say that we do not exclude the SM, while we exclude
the XM with 95% confidence level.

Based on the Bayes scale we can say that the data favors strongly the SM hypothesis
over the XM one.
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Appendix A

In section 4 we show Figure 4.3, which present some discrepancy between the data and
MC in the distribution of the number of tracks used for the jet charge calculation. We
checked number of tracks in leptonic and hadronic decay branch separately, also we
divided sample into subsamples with positive and negative tracks, but we did not see
any difference in number of tracks neither in the tracks py distributions.

However this discrepancy could be covered by the jet charge calibration described
in Section 5. We compared the distributions of the number of tracks used for the jet
charge calculation in the MC samples which we used in our analysis. We compared
the ttop25 - ¢t signal sample, dijet MC sample and muon enriched MC sample. As we
already mentioned, to increase the statistics of the dijet MC sample we did not require
the muon presence in jets.

Due to the fact that there are different selection criteria applied on the jets, we
checked the number of tracks distributions only on central jets (the jets with |n| < 0.6).
We also divided this central jets’ sample into five subsamples by the jet pr, because
the tt events have b-jets with higher pr with respect to the b-jets from dijet MC and
muon enriched MC samples. In Figures 8.6 - 8.10 we present these distributions.

From the plots one can say that for three considered cases the number of tracks’
distributions are slightly different. Hence we did further checks, how the selection of
the MC sample (dijet or muon enriched one) can affect the final result of the scale

factor calculation. There are two possibilities:

1. It can affect the b-fraction on the away jet side, because for the fitting the dijet
data we used the templates from the dijet MC (the reason was higher statistics

in comparison with muon enriched MC).

2. In the calculation of the jet charge scale factor we compare the jet charge purity
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Figure 8.6: The number of tracks in the jet cone 0.4 used to the jet charge calculation

for the central jets with pr between 20 GeV/c and 30 GeV/c.
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Figure 8.7: The number of tracks in the jet cone 0.4 used to the jet charge calculation

for the central jets with pr between 30 GeV/c and 40 GeV/c.

from the analyzed data with that from the MC. The value of the MC purity was

obtained as a combination of the dijet and muon enriched MC samples.

For these reasons we did following;:

First we used the muon enriched MC templates (instead of dijet the MC ones) to
obtain the b-fraction on the away jet side. We obtained the the jet charge scale factor
value of 98%. The difference with respect to the nominal value of (99 + 1)% is within

one standard deviation. The result is shown in Figure 8.11.
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Figure 8.8: The number of tracks in the jet cone 0.4 used to the jet charge calculation

for the central jets with pr between 40 GeV/c and 50 GeV /c.
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Figure 8.9: The number of tracks in the jet cone 0.4 used to the jet charge calculation

for the central jets with pr between 50 GeV/c and 80 GeV/c.

We also recalculated the scale factor values by using the jet charge purity obtained

separately only from the dijet MC samples as well as only from the muon enriched

MC sample. There was no big difference in the resulted values of the scale factors (see

Figure 8.12).

From these checks we can conclude, that the difference between the data and MC,

which we see in the distribution of the number of tracks used for the jet charge calcu-

lation is covered by the jet charge scale factor.
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Figure 8.10: The number of tracks in the jet cone 0.4 used to the jet charge calculation

for the central jets with pr between 80 GeV/c and 200 GeV /c.
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Figure 8.11: By using the muon enriched MC (dijet MC) templates to obtain the b-
fraction on the away jet side, we calculated the jet charge scale factor which is shown

in black (red) points.
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Figure 8.12: The jet charge scale factor calculated by using the purity obtained from
the muon enriched (dijet) MC sample shown in black (red).
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Resumé

Top kvark, predpovedany Standardnym modelom, bol objaveny experimentami CDF
a DO vo Fermilabe v roku 1995. Odvtedy oba experimenty meraji jeho vlastnosti,
aby sa potvrdilo alebo vyvratilo, Ze objaveny top kvark sa sprava podla otakivani
Standardného modelu (SM). Jednou z tychto vlastnosti je aj elektricky néboj top
kvarku, ktorym sa zaoberame v tejto praci.

Doba Zivota top kvarku (5x10~2° sekundy) je kratsia ako ¢as potrebny na hadroniza-
ciu (& 1072 sekundy), ¢o vedie k faktu, ze stidium top kvarkovych vlastnost{ je pod-
mienené Studiom jeho rozpadovych produktov. Podla SM sa top kvark (s elektrickym
nédbojom +2/3) rozpadd elektroslabou interakciou najmé na bottom kvark (¢ — Wb)
a anti-top kvark na anti-bottom kvark (f — W~b). Rozpady na down alebo strange
kvark su malo pravdepodobné.

V roku 1999 prisli Chang a kol. s alternativnou interpretaciou top kvarkovych even-
tov pozorovanych vo Fermilabe [67]. Podla ich teérie, mozu tieto eventy obsahovat ob-
jekt rozpadajici sa na W~ bozén a bottom kvark, ¢o by znamenalo, ze elektricky naboj
tohto objektu je -4/3. Takymto objektom by podla autorov mohol byt exoticky kvark
zo Stvrtej generdcie kvarkov a lepténov. Na zaklade ich vypoctov, by top kvark zo SM
mal hmotnost > 230 GeV/c? a hmotnost exotického kvarku by bola ~ 170 GeV /c?.

Tato hypotéza bola vylicena uréenim dolnych hranic hmotnosti ', ' kvarkov
([15, 14]). Moznost ndboja -4/3 bola tiez vylucend stidiami [69, 70] avSak s mensou
citlivostou a pouZzijic mensiu vzorku nazbieranych dat v porovnani s nami prezento-

vanymi vysledkami.

Produkcia top kvarku

Top kvarkové eventy mozu byt produkované pomocou silnej alebo elektroslabej inter-

akcie. V pripade silnej interakcie je top kvark produkovany v t¢ paroch prostrednictvom
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kvark-antikvarkovej anihildcie alebo gluénovej fiizie, zakial ¢o v pripade elektroslabej
interakcie vznika v evente iba jeden top kvark. Produkcia prostrednictvom elektroslabej

interakcii je v porovnani s produkciou ¢t parov potlacend asi tri krat.

Datova vzorka a selekcia eventov

Nasa analyza je zaloZend na datovej vzorke o velkosti 5.6 fb~! #f eventov nameranej
experimentom CDF v case od Februara 2002 do Februara 2010.

Eventy st najskor selektované lepténovym triggerom, ktory pozaduje, aby v evente
bol elektrén (mién) s priecnou energiu Er (hybnost pr) vicsou ako 18 GeV (GeV/c).
7 tejto vzorky potom vyberame eventy rekonstruované offline, ktoré obsahuji jeden
izolovany elektrén s Er > 20 GeV alebo izolovany mién s pr > 20 GeV/c, tri jety
s Er > 20GeV a |n| < 2.0, stvrty jet, ktory moze splnit aj slabsie jetové vyberové
kritéria: Er > 12GeV a |n| < 2.4. Ked'7ze pri lepténovom rozpade vznika aj neutrino,
pozadujeme aby chybajica priecna energia, Fr, mala hodnotu aspon 20 GeV.

Triggerované izolované elektrony su identifikované na zaklade priradenia rekonstruo-
vaného treku (stopy v trekovych detektoroch) k energii zanechanej v elektromagne-
tickom kalorimetri. Aby sme odlisili elektrén od hadrénov, pozadujeme aby energia
zanechana v hadronovom kalorimetri bola vyrazne mensia oproti tej v elektromagnetic-
kom kalorimetri. Izola¢nd podmienka elektrénu je splnend, ak energia v kénuse 0.4 okolo
elektrénu (nepocitajic energiu elektrénu) je mensia ako 10% energie elektrénu.

V pripade triggerovanych miénov pozadujeme aby rekonstruovany trek z trekovych
detektorov bol priradeny k stope v oboch miénovych komordch CMU a CMP (CMUP
mi6n) alebo k stope v . CMX miénovej komore (CMX mién). Izolovanost miénu je
definovand podobne ako to bolo v pripade elektrénu.

Statistiku miénovych eventov sme rozfrili pridanim eventov s tzv. netriggerovanymi
miénami, ktoré nepresli triggerom, ale boli rekonstruované offline. Tieto eventy boli
vybrané triggerom ktory pozaduje chybajicu priecnu energiu na triggerovej urovni
vacsiu ako 35 GeV a aspon dva jety s Er > 10 GeV. Selektované eventy musia obsa-
hovat stopu v CMX miénovej komore, ktora nie je "pokrytd”triggerom, alebo stopu v
jednej z CMU alebo CMP miénovej komore. Podmienky na izolovanost a pr miénov
st aplikované aj v tomto pripade. Kvoli zabezpeceniu celkovej efektivnosti triggera

pozadujeme, aby eventy obsahovali aspon dva jety s Er > 25 GeV, vzdialené od seba
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s AR = /(An)? + (A¢)? = 0.4, z ktorych jeden je centrdlnym jetom s |n| < 0.9. Ti-
eto eventy musia spiﬁat’ aj podmienky tykajice sa chybajticej priecnej energie a jetov,
ktoré boli uvedené vyssie.

Takto vybraté eventy volame aj leptén-jetové (LJ) eventy, lebo predpokladdme, ze
jeden W bozdn sa rozpadol lepténovo na lepton a zodpovedajtce neutrino a druhy W
bozén sa rozpadol hadrénovo na dva Tahké jety.

Kvoli potlaceniu pozadovych eventov pozadujeme, aby eventy vybraté danymi
kritéria, obsahovali aspon dva b-taggovené jety, pricom jet oznacime ako b-taggovany
ak obsahuje sekundarny vertex, charakteristicky pre rozpad B-hadrénov. Podrobnejsi

popis metédy b-taggovania na zdklade sekunddrneho vertexu mozno néjst v [30].

Metoda urcenia naboja top kvarku

Metoda rekonstrukcie elektrického naboja top kvarku, pouzita v tejto praci, sa sklada

z troch krokov:
e urcenie naboja W bozdnu,
e urcenie naboja b-jetu

e a parovanie W bozénu s b-jetom, ktoré pochadzaji z rozpadu toho istého top

kvarku.

Ako sme spomenuli v predchadzajicej casti, vo vybranych eventoch sa jeden W
bozén rozpada lepténovo, zakial ¢o druhy sa rozpadd hadrénovo na lahké jety. Naboj
leptonovo rozpadajiceho sa W bozénu je uréeny nabojom leptéonu. V pripade druhého
W bozénu, definujeme jeho naboj ako nédboj opaény k ndboju lepténu.

Na urcenie ndboja b-jetu pouzivame metédu vahovania naboja trekov v jete, ktoré
maji pr > 1.5 GeV/c a ich zrdzkovy parameter je mensi ako 0.15 cm. Néboj jetu
moézme definovat vztahom: B

Qo = 0 PL )
> i - pil”
kde ¢; a p; st ndboj a hybnost i-tého treku v jete, j je jednotkovy vektor pozdIZ osi
jetu a k je parameter, ktorého hodnota bola optimalizaciou zvolend ako 0.5.
B-jet, ktorého takto urceny naboj je kladny, oznacujeme ako pochadzajici z b

kvarku. Ak je hodnota uréeného naboja zapornd, hovorime, ze b-jet pochadza z b
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kvarku (¢o v skutocnosti nie je vzdy pravda). Na zéklade studii Monte Carlo (MC)
eventov sme zistili efektivnost tejto metddy, ktora je (97.9 & 0.1)%. Cistota (purity)
metddy, definovand ako pravdepodobnost spravneho uréenia nédboja b-jetu, je rovna
hodnote (60.8 +0.1)%.

Poslednym krokom urcenia naboja top kvarku je priradenie W bozonu k spravnemu
b-jetu, na ¢o pouzivame CDF kinematicky fiter, ktory pocita hodnotu y? pomocou

nasledujiiceho vztahu:

~j i ~UFE UE
2 (p% — ply)? N (B —pj")? N (my; —mw)?
X= o2 Z o2 '3
i=l4jets i j=z,y J w
L = mw)? (M — my)? N (mpp, — my)? @)
2, T2 T2

kde prvy ¢len vyjadruje rozdiel hodnot medzi rekonstruovanou (pi) a fitovanou (ps)
prie¢nou hybnostou, uréenou s chybou o;, pre leptén a jety. Druhy ¢len zahfiia rozdiel
medzi nameranou a fitovanou hodnotou energie (urcenej s chybou o, ,), ktord nebola
zapoc¢itana do jetovych klasterov. Nasledujice dva ¢leny urcuji rozdiel hmotnosti
W bozénu a jeho rozpadovych produktov - jetov (mj;) a lepténov (my,). Ostatné
¢leny uvazuju rozdiel medzi hmotnostou top kvarku a jeho rozpadovych produktov v
hadrénovej (my,;;) a lepténovej (my,,) vetve. Tieto cleny su predelené zodpovedajtcimi
rozpadovymi polosirkami I'yy a I';. Hmotnost W bozénu a spominané rozpadové polosirky
st fixované na ich hodnoty z Particle Data Group (PDG) [45]. V nasom pripade sme
fixovali aj hmotnost top kvarku na hodnote 172.5 GeV /c?.

Ked'Ze eventy obsahuji 2 b-jety, mame iba dve moznosti priradenia W bozénov k b-
jetom. Avsak kvoli neurcitosti z-ovej zlozky neutrina, mame 4 mozné vystupy z fitera, z
ktorych vyberdame ten s najmensim x?. Touto metédou prirad ujeme W bozén k b-jetu
spravne v 76% pripadov. Na zdklade optimalizacie sme zistili, ze vyberanim iba takych
eventov, ktorych minimélna hodnota y? je mensia ako 9, sa zvysi Cistota pdrovania
(zlomok spravnych priradeni W bozénu k b-jetu) na (83.3 £+ 0.1)%. Efektivnost tohto
vyberového kritéria je (53.2 £ 0.1)%.

Kalibracia cistoty urcenia naboja b-jetov na datach

KedZe MC simulécie neopisuji presne fragmentdciu jetov, je nutné urobit korekciu
¢istoty metddy urcovania naboja jetu ziskanej z MC. Pouzivame na to dijetovi vzorku

dat obohatent o tazké kvarky (bottom a charm). Této vzorka je vybrand pouzitim
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triggera, ktory pozaduje centrdlny mién s pr > 8 GeV/c. Vyberové kritérid dalej
pozaduju pritomnost miénového treku s pr > 9 GeV/c, nachddzajiceho sa v jete s
Er > 20 GeV (tento jet voldme aj midnovym jetom) a pritomnost druhého jetu s
Er > 20 GeV, nazyvaného textitaway jet, ktorého smer je opacny ako smer miénového
jetu (A¢ > 2). Oba jety musia byt b-taggované - miénovy jet na zaklade silnejsich a

away jet na zaklade slabsich kritérii b-taggera pouzivajiceho sekundarny vertex.

V takto vybratych dijetovych eventoch je naboj miénového jetu ur¢eny nédbojom
miénu, zakial ¢o ndboj away jetu urcujeme na zdklade metddy vdhovania trekov ako
sme uviedli vyssie (rovnica 1). Cistotu urcenia naboj jetu metédou véhovania trekov
mozeme potom urcit ako podiel poétu eventov, v ktorych maju jety opacné znamienko
naboja a poctu vsetkych eventov, ktoré presli vyberovymi kritériami. Takto urcena
¢istota vsak musi byt korigovand, kvoli niekolkym efektom. Ak mién pochiadza zo
sekundarneho rozpadu (napr. b — ¢ — p) znamienko jeho ndboja bude opacné ako v
pripade, ked pochddza priamo z b rozpadu. Zmena znamienka moze nastat aj vtedy,
ak dojde v niektorom z jetov k B-mixingu. Dalsou korekciou, ktori treba zahrnit je
vplyv nespravneho b-taggovania, kedy b-taggovany jet nie je skutoénym b-jetom. V
takom pripade neocakavame nabojovi korelaciu medzi jetmi. Prispevky prvych dvoch
vplyvov - sekundarnych rozpadov a B-mixingu, vySetrujeme na zaklade MC, v pripade

non-b jetov sme podiel eventov zistili pouzitim dat.

Na uréenie podielu bb dijetovych eventov (kedy oba jety pochddzaji z b kvarku)
fitujeme datové rozdelenia dvoch roznych premennych zodpovedajicimi rozdeleniami
pre b, ¢ a lahké jety ziskanymi z MC, pouzijic MC' truth (pripad gluénovych jetov je
zahrnuty v rozdeleni pre Tahké jety). Pouzitie MC truth je zalozené na porovnévani
informacie generatora na partonovej urovni s informéciou ziskanou z rekonstrukcie

eventu.

Prvou premennou je pr..; (prieéna komponenta miénovej hybnosti uréend vzhladom
na os jetu), ktorej strednd hodnota je vyssia pre miény pochadzajice z b-kvarkového
jetu v porovnani s miénami pochadzajicimi z c-kvarkového jetu alebo jetov pochadzaju-
cich z lahkych kvarkov. Na fitovanie datového rozdelenia tejto premennej pouzivame
iba MC rozdelenia b-kvarkového a c-kvarkového jetu, nakolko rozdelenia pre c-kvarkovy
jet a Tahké jety st podobné a pre fiter azko rozligitelné. Rozdiel vzniknuty rozdielnym

fitovanim (pouzitie troch MC rozdeleni namiesto uvedenych dvoch) je zapoc¢itany do
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systematickej chyby.

Druhou premennou je invariantnd hmotnost sekunddrneho vertexu M,,, ktort
pouzivame na uréenie podielu b-jetov v away jetoch. Tato hmotnost je priamotimernd
hmotnosti kvarku vytvarajiceho jet.

Obrézok 1 zobrazuje rozdelenia py,; a My, pre jety pochadzajice z b, ¢ kvarkovych

jetov a lahkych jetov.
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Obr. 1: Rozdelenia pr..; (viavo) a M, (vpravo) pre jety pochddzajice z b, ¢ kvarkovych
jetov a lahkych jetov.

Nakolko sme zistili, Ze MC rozdelenia danych premennych st zavislé na energii away
jetu, rozdelili sme danu vzorku do 9-tich binov na zaklade away jet Ep. Pre kazdy bin
sme spocitali podiel bb dijetovych eventov, fy;, ako priemernt hodnotu z maximéalneho
a minimalneho podielu b-kvarkovych jetov. Maximalna hodnota podielu b-kvarkovych
jetov je urcend fitom ddtového rozdelenia M., pre away jety, zakial ¢o minimdlna
hodnota je uréena odcitanim podielu nie-b-kvarkovych jetov v miénovom jete (urcenej
fitom datového rozdelenia pr ) od maximalnej hodnoty. Chyba podielu f,; je urcend
tak, aby pokryvala rozdiel medzi maximalnou a minimalnou hodnotou.

Kombindciou podielu bb dijetovych eventov, f;, s podielmi eventov, v ktorych doglo
k sekundéarnemu rozpadu, alebo B-mixingu, moézeme zo ziskanej cistoty metody urcenia
niboja jetu vypocitat redlnu éistotu tejto metddy. Koneény vysledok kalibrécie po-
tom mozeme vyjadrit ako skalovaci faktor definovany podielom redlnej ¢istoty metédy
urcenej z dat a cistoty ziskanej z MC vzorky. Ako sme spomenuli, analyzu sme urobili
pre 9 roznych away jet Er binov. Z Obrazku 2 je vidno, ze skalovaci faktor nie je zavisly

na Er away jetu.
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Obr. 2: Skalovaci faktor ako funkcia away jet Frp.

Systematicka chyba urcenia skalovacieho faktora zahfia tri rozne efekty. Prvym je
neurcitost v MC rozdeleniach pre b, ¢ a Tahké kvarkové jety sposobend napr. efektivnos-
tou uréovania trekov, d'alsim je vyber poctu (dvoch alebo troch) MC rozdeleni pouzitych
pri fitovani a posledny zahfiia moznt zavislost na away jet Er.

Finalny vysledok kalibracie - skalovaci faktor ma hodnotu:

SFjq =0.99 £ 0.01(stat) £ 0.03(syst).

Pozadie pre top kvarkové eventy

Pre lepton-jetové eventy tvori dominantni ¢ast pozadia QCD produkcia W bozénov s
multi-jetmi. Tieto eventy mozu prejst viberovymi kritériami ak jeden z jetov je b-jet
(W-+HF), lebo je lahky jet nespravne oznaceny ako b-jet (mistag). Medzi d'alsie zdroje
pozadia patria QCD multi-jetové eventy, v ktorych dva jety boli nespravne oznacené
ako b-jety a jeden z jetov bol interpretovany ako leptén, produkcia eventov s jednym top
kvarkom a dibozénové eventy. Prispevok pozadovych eventov je velmi maly (~ 15%)
vd aka poziadavke asponi dvoch b-jetov v evente.

Predpokladané pocty eventov pre jednotlivé typy pozadia sme ziskali rovnakou
metddou, akd bola pouzitd v merani uc¢inného prierezu tf eventov v leptén-jetovom
kandle (vid [76]). Aplikovanim efekt{vnosti parovania W bozénu s b-jetom a efektivnosti
pocitania naboja jetu, uréenych pre jednotlivé typy pozadia zv1ast, sme ziskali koneéné
pocty leptén - b-jetovych parov pre pozadové vzorky, ktoré vstupuji do analyzy.

Nasim cielom pri studiu pozadovych eventov je zistit, ¢i je v danom pozadi mozné
pozorovat koreldciu medzi ndbojmi lepténu a k nemu priradenemu b-jetu. Takito ko-

relaciu ocakavame iba v dvoch pripadoch: eventoch obsahujucich iba jeden top kvark
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Pozadie Ny, Cistota (korelacia) N+ N~
W+HF 19.5 4 6.4 0.5+ 0.0 9.7+ 3.2 9.7 + 3.2
QCD fakes | 5.4 +4.8 0.48 = 0.06 2.6+2.3 2.8+ 25
Dibozény 2.0+ 0.4 0.5+0.0 1.0 4 0.2 1.0+ 0.2
Mistag 2.8+ 0.8 0.5+ 0.0 14404 14404
Single top 44405 0.51 =+ 0.01 225+03 | 215403
Celkom 34.0+8.1 0.50 + 0.01 169+40 | 17.0+4.1
Signal 699.6+£115.7 |  0.562 001 vs) | 393.5+£65.6 | 306.1£51.3

Tabulka 1: Hodnoty koreldcie pre jednotlivé type pozadia spolu s ocakdvanym poc¢tom
pérov zodpovedajicich SM hypotéze (NT) a XM hypotéze (N7). Metéda urcenia

¢istoty pre signalové eventy je popisana neskor.

a QCD bb eventoch, ktoré presli vyberovymi kritériami vd'aka tomu, Ze leptén zo
semilepténového rozpadu bol nespravne urceny ako signalny lepton. V prvom pripade
sme urcili koreldciu pouzitim zodpovedajiicej MC vzorky, zakial ¢o v druhom pripade
sme pouzili Specidlnu QCD vzorku urceni na Stidium fake (falosnych) elektrénov
(elektrénov, ktoré nesplnili aspon dve kritéria pozadované pre signalny elektrén).

V Tabulke 1 uvddzame hodnoty prispevkov jednotlivych typov pozadia, ako aj
hodnoty koreldcie (hodnoty 0.5 + 0.0 st uvedené v pripadoch, kedy sme neocakdvali
ani v MC nepozorovali korelaciu). V poslednom riadku tejto tabulky mozno ndjst aj

informéciu tykajicu sa predpokladaného poctu signdlnych ¢t eventov.

Urcenie systematickej chyby

Systematickd chyba tejto analyzy pochddza z modelovania geometrickej a kinematickej
akceptancie metédou MC, efektivnosti b-taggovania jetov na zaklade sekundarneho
vertexu, z neurcitosti jetovej energetickej skaly, predpokladaného poctu pozadovych
eventov a luminozity.

Monte Carlo modelovanie geometrickej a kinematickej akceptancie zahtna efekty
parténovej rozdelovacej funkcie (PDF), radidcie (gluénu alebo foténu) pred (ISR) a po
(FSR) zrazke parténov, ale aj jetovi energeticki skdlu. Systematicka chyba sposobend

tymito efektami je pocitand porovnavanim pouzitia roznych PDF setov a variovanim
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Systematika (in %) efekt. parovania | efekt. JetQ e | Cistota parovania | ¢istota JetQ
Jetova energeticka skala 0.2 0.04 0.1 0.1
ISR/FSR 0.5 0.1 0.2 0.2
MC generator 0.2 0.1 0.1 (0.7)
Hmotnost top kvarku 0.4 0.2 0.9 0.5
PDF 0.7 0.02 0.1 0.02
Celkom 1.0 0.3 1.0 0.6

Tabulka 2: Systematickd chyba (v %). Hodnota ”(0.7)”je uvedend iba informativne, nie
je zahrnutd do celkovej systematickej chyby ¢istoty urcenia ndboja jetu, nakolko tato
¢istota je kalibrovana na datach a jej chyba zahffia aj neurcitost sposobent rozdielnymi

modelmi hadronizacie.

ISF, FSR efektov ako aj variovanim jetovej energetickej skaly.

Dalsfm zdrojom systematickej chyby je vyber MC generdtora. Pre jej odhadnutie
sme porovnali HERWIG a PYTHIA MC generatory.

Posledny prispevok systematickej chyby je sposobeny fixovanim hmotnosti top kvar-
ku v CDF kinematickom fiteri. Jeho hodnotu sme uréili pouzitim viacerych MC vzoriek
generovanych s roznymi hmotnostami top kvarku, pricom vo fiteri sme hmotnost top
kvarku fixovali stdle na 172.5 GeV/c?.

V Tabulke 2 uvddzame ako jednotlivé zdroje systematickych chyb prispievaji k
neurcitosti efektivnosti a ¢istoty parovania W bozénu s b-jetom, ale aj neurcitosti

efektivnosti a ¢istoty urCenia nédboja jetu (jetQ).

Urcenie c¢istoty signalu

Na urcenie ¢istoty signdlu nestaci iba vyndsobit ¢istotu péarovania, Dpairing, & Cistotu
urcenia naboja b-jetu, pyeqg. Do celkovej cistoty signdlu musime zahrnit aj pripady,
kedy sme nespravne priradili W bozén k b-jetu, ale zaroven sme aj nespravne urcili
naboj b-jetu. Treba uvazit aj eventy, v ktorych b-tagger nespravne oznacil lahké jety
ako b-jety a teda v nich neocakavame korelaciu medzi nabojmi lepténu a prisltichajiceho
b-jetu. Ak zhrnieme tieto pripady do jednej rovnice, mozeme pre celkovi ¢istotu signdlu

pisat:

Ps = fnonb . SFnonb - Pronb+

(]- - fnonb . SFnonb)(ppair . pJQ . SFJQ + (1 _ppair)(]- _pJQ . SFJQ)) (3)
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Fronb 0.076 = 0.001
SFnonb 1.01+0.03

Pronb 0.5+0.01 N 699.6 + 115.7

Ppair | 0.833 & 0.001(stat) % 0.008(syst) Ny 34.0+8.1

PJIOQ 0.608 £ 0.001(stat) + 0.003(syst) ps | 0.562 £ 0.004(stat) + 0.011(syst)
SFio | 0.99+0.01(stat) + 0.03(syst) P 0.498 £+ 0.010

(a) (b)

Tabulka 3: Hodnoty premennych pouzité pre urcenie celkovej cistoty signdlu (vlavo)
a hodnoty premennych, ktoré budi pouzité pri Statistickom vySetrovani vysledkov

(vpravo).

kde f,onp predstavuje podiel eventov, v ktorych b-jet nespravne b-taggovany, skalovaci
faktor, SF,oup, koriguje tento podiel, f,ons, nakolko je v MC vzorkich podhodnoteny
a Pnony Vyjadruje nabojovu korelaciu medzi nespravne b-taggovanym b-jetom zod-
povedajicim lepténom. Skélovaci faktor SF 7¢ bol definovany v predchadzajicom texte.

V Tabulke 3.a sme zhrnuli hodnoty premennych pouzité pre vypocet istoty signdlu.
V Tabulke 3.b sumarizujeme hodnoty veli¢in, ktoré budiu pouzité pri Statistickom

vysetrovani vysledkov.

Statisticka analyza

Po priradeni W bozénu k b-jetu a uréeni naboja b-jetu, mozme kazdy takyto par oznacit
ako pér Standardného modelu alebo par exotického modelu. Na urcenie stupiia viero-
hodnosti danych hypotéz pouzivame metédu pravdepodobnostného profilu popisant v
[79]. Nasa pravdepodobnostna funkcia zavisi od podielu parov Standardného modelu
f+ uréeného zo signalnej vzorky a styroch tzv. nuisance parametrov - poctu signélnych
(N,) a pozadovych (N,) parov a cistoty signélu (p,) a pozadia (py). Je vyjadrend ako
suma ¢lena reprezentujiceho kombinovani ¢istotu signalu a pozadia (Poissonovské
rozdelenie), a styroch ¢lenov reprezentujicich nuisance parametre (Gaussovské rozde-

lenia):

(N+):v+efN+ (N_)m*efN_ L B 1 (t;(é)Q .
7= e >z (4)
oz 2T

kde Ly zastupuje Gaussovské rozdelenie pre nuisance parameterZ, t je parameter

L. =
s ol x|

fitu a N, a N_ st predpokladané pocty parov Standardného a exotického modelu,
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urcéené rovnicami:

Ny =psNsfo + (1= ps)Ns(L = f4) + pulNy (5)

N_ :(l_ps)st—I— +pst(1_f+)+(1_pb)Nb (6)

Cleny zt a z~ reprezentuji pocet parov Standardného a exotického modelu v
détach,

Skenovanim hodnoty f, v intervale od -1 po 2 a minimalizaciou pravdepodobnost-
nej funkcie cez nuisance parametre dostavame krivku zavislosti pravdepodobnosti na
hodnote f,. Minimum tejto krivky je hladanou hodnotou podielu f; (vid Obrdzok
3). Obréazok 4 zobrazuje rozdelenie hodnét f, uréenych minimalizdciou pravdepodob-
nostnej funkcie, ziskanych z pseudo-experimentov predpokladajic SM (¢ervend Ciara)
ako aj XM(cierna ciara). Uréenim hodnoty f, z dat, mozeme na zdklade tychto rozde-
leni urcit p-value pre hypotézu SM, psy a p-value pre hypotézu XM, pxas, ktoré
potom porovnavame s a priorne stanovenymi Type I chybami «. V nasom pripade
porovnavame psy 8 a; = 1.3 x 107 (2.87 x 1077), ¢o zodpovedd 30 (50), zatial ¢o
pxa porovnavame s ap = 5%. Rozdielnost tychto kritérii je dand tym, ¢o je vSeobecne
pouzivané vo fyzike vysokych energii, a teda aj experimentom CDF.

Okrem hodnét p-value, vyuzivame aj pristup zalozeny na Bayes faktore (BF),
ktory vyjadruje pomer pravdepodobnosti SM hypotézy v porovnani s XM hypotézou.
Urcenfm hodnoty vyrazu 2In(BF) a pouzitim §kédly definovanej v [81] mdzeme povedat,

nakolko je SM hypotéza pravdepodobnejsia ako XM hypotéza.

CDFRun I, L =5.6fb™
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Obr. 3: Krivka zavislosti pravdepodobnostnej funkcie od hodnoty f,. Funkcia

nadobiida minimum v hodnote 0.83.
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Obr. 4: Rozdelenie hodnot f, urcenych minimalizdciou pravdepodobnostnej funkcie,
ziskanych z pseudo-experimentov predpokladajic SM (¢ervend ¢iara) ako aj XM (Gierna

¢iara). Modré sipka zobrazuje hodnotu f, uréenu z dat.

Pocet eventov | po parovani | pocet parov | SM | XM

815 397 774 pairs | 416 | 358

Tabulka 4: Pocet leptén-jetovych eventov ziskanych z dat pred a po aplikovani
parovacich kritérii. Pocet parov, v ktorych b-jet splnil kritéria na urcenie jeho naboja a

pocty parov zodpovedajicich Standardnému modelu (SM) a exotickému modelu (XM).

Vysledky a diskusia

V Tabulke 4 prezentujeme pocet eventov a parov, ktoré presli leptén-jetovymi se-
lekénymi kritériami ako aj poziadavkami aplikovanymi pri parovani W bozoénu s b-jetom
a pri pocitani naboja b-jetu. Uvadzame tiez pocty parov zodpovedajucich hypotéze SM
a XM.

Na zaklade tychto hodnot dostavame krivku zavislosti pravdepodobnostnej funkcie
od f,, ktorej minimum nachddzame v hodnote 0.83 (vid Obrézok 3). Tdto hodnota
zodpovedd p-value pre hypotézu SM pgy = 13.4% (vid Obrézok 4), ¢o po porovnani
s a pridrne stanovenou hodnotou aq, zodpovedajicou 3o (50) kritériu vylucenia tejto
hypotézy, interpretujeme ako nevylucenie hypotézy SM. P-value pre hypotézu XM je
pxym = 0.014%, ¢o po porovnani s a pridrne stanovenou hodnotou ap = 5%, prezentu-
jeme ako vylicenie hypotézy XM s 95% stupiiom vierohodnosti. Treba vsak povedat,
ze pxy zodpoveda priblizne 3.50.

Na zéklade Bayes faktora sme urcili hodnotu 2in(BF) = 19.6, ¢o na zaklade
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spominanej skdly vedie k zdveru, ze data velmi silno preferujui SM oproti XM. Na
Obrazku 5 zobrazujeme graficku reprezentaciu nasho vysledku.

Pre kontrolu sme porovnali vysledky urcené separatne pre elektrény a miény. V
oboch pripadoch mozeme povedat, Ze nevylucujeme SM, zakial ¢o XM vylucujeme
s 95% stupnom vierohodnosti. Na zdklade Bayes faktora mozeme skonstatovat, ze
elektrény velmi silno preferuji SM oproti XM. V pripade miénov je pozitivne prefe-

rovany SM oproti XM.
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Obr. 5: Naboj W bozénu nasobeny nabojom zodpovedajiceho b-jetu. Pary reprezen-
tujuce hypotézu SM nadobudaju zaporné hodnoty tejto veliciny, v pripade parov

reprezentujucich XM ma dana velicina kladné hodnoty.
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